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ABSTRACT 
Gene flow and recombination directly oppose genetic differentiation and speciation because they 
homogenize allele combinations that are unique to each population/species (Felsenstein 1981; 
Rieseberg 2001; Ortiz-Barrientos, Reiland et al. 2002; Butlin 2005).  Under divergence with 
gene flow, either very strong selection or some other mechanism that reduces recombination 
rates is needed to maintain different allelic combinations.   
 
Decreased recombination is especially important in cases of ecological speciation with gene flow.  
A decade of work in evolutionary biology indicates that divergent natural selection in different 
habitats is usually involved in speciation (i.e. ecological speciation). While ecological selection 
alone can promote speciation (Schluter 2001; Rundle and Nosil 2005; Schluter and Conte 2009), 
a variety of species contain populations that are adapted to different habitats and yet have not 
undergone speciation (Hendry 2009; Nosil, Harmon et al. 2009).  These conflicting outcomes 
suggest that ecological selection need not always lead to the evolution of reproductive isolating 
barriers (RIBs).  When the genes under ecological selection also confer reproductive isolation, 
ecological speciation occurs readily (Boughman 2001; Kirkpatrick and Ravigne 2002; Gavrilets 
2004).  However, when the genes under ecological selection are independent of the genes 
conferring reproductive isolation, alleles for RIBs must somehow become associated with the 
alleles under ecological selection, thus providing a link between adaptation and reproductive 
isolation (Felsenstein 1981; Servedio 2009).   To date, few studies have examined the 
mechanisms by which divergent natural selection can lead to the development of reproductive 
isolation.   
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I examined role of divergent natural selection in speciation using the sister species Lucania 
goodei and L. parva (Duggins, Karlin et al. 1983; Whitehead 2010).  Lucania goodei and L. 
parva are differentially adapted to salinity with L. goodei being primarily freshwater and L. 
parva being euryhaline (able to tolerate a wide range of salinities).  In my thesis I determined the 
extent to which divergent natural selection (with regard to salinity tolerance) has led to 
reproductive isolation.   
 
First, I searched for physiological mechanisms to explain the difference in salinity tolerance 
between the two species. I did this by exposing individuals of both species to different salinities 
and then performing a real time PCR study to examine changes in mRNA transcript levels of 
genes known to be involved in osmoregulation.  I found that L. parva expressed higher levels of 
the genes involved in saltwater ion/osmoregulatory regulation than did L. goodei, but that both 
species expressed similar levels for two of the three genes involved in freshwater 
osmoregulation.   
 
Next, I examined whether or not divergent natural selection for salinity tolerance has led directly 
to behavioral isolation (Chapter 3).  Previous work indicated that behavioral isolation was 
present, but did not test whether the expression of behavioral isolation varied with environmental 
conditions.  Adaptation to different salinities may have led to differences in mating signals and 
perception of those signals, producing behavioral isolation as a byproduct.  I tested if this had 
occurred by manipulating the environment the fish were in.  If mating signals and preferences in 
L. parva are especially adapted to saltwater and those of L. goodei to freshwater, then changing 
the salinity should decrease the strength of behavioral isolation by interfering with these signals.  
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The results of this study suggested that divergent natural selection did not play a role in the 
evolution of behavioral isolation.   However, there was a striking asymmetry in courtship 
between the species that was concordant with the direction of intrinsic isolation.  Hence, there 
may have been selection for species recognition in male L. goodei due to low fitness in hybrids 
(i.e. reinforcement).   
 
The classic signature of reinforcement is heightened behavioral isolation in areas of sympatry.  
In Chapter 4, I explicitly tested whether or not reinforcement of male preferences had occurred 
by comparing male preferences from sympatric and allopatric populations.   Males from 
sympatric and allopatric populations were exposed to females of both species over two days and 
their behavior was monitored.  Allopatric males were significantly more likely to court 
heterospecific females than sympatric males.  This is in agreement with the expectations of 
reinforcement theory. 
 
In the final two chapters of my thesis, I tested whether or not chromosomal rearrangements have 
led to linkage disequilibrium between genes underlying reproductive isolation and genes 
underlying salinity tolerance.  Many closely related species differ in chromosome number and 
shape.  Chromosomal rearrangements can be important to both adaptation and the development 
of reproductive isolation since rearrangements can physically link species-specific genes in areas 
of low recombination (White 1978; Trickett and Butlin 1994; Noor, Grams et al. 2001; Rieseberg 
2001; Ortiz-Barrientos, Reiland et al. 2002; Feder, Roethele et al. 2003; Navarro and Barton 
2003; Brown, Burk et al. 2004; Butlin 2005; Kirkpatrick and Barton 2006; Carneiro, Ferrand et 
al. 2009).  I created linkage maps for both L. goodei and L. parva and analyzed them for synteny 
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to determine if genomic rearrangements had occurred (Chapter 5).  A fusion between linkage 
groups 13 and 14 in L. goodei has led to a large metacentric chromosome (linkage group 1 in L. 
parva).   I performed a QTL analysis to determine if the genes underlying salinity tolerance and 
reproductive isolation are located within this rearrangement (Chapter 6).   The fusion contained 
QTLs for multiple traits involved in reproductive isolation.  In contrast, the genetic 
underpinnings of salinity tolerance had little relationship to reproductive isolation.  Only one of 
four QTL underlying salinity tolerance mapped to the same location as a QTL involved in 
reproductive isolation.  Thus, genetic differentiation in salinity tolerance does not seem to be 
strongly associated with reproductive isolation.  Instead, my data suggest that chromosomal 
rearrangements are important in linking female and male behavioral isolation and genes related 
in intrinsic isolation.  Linkage of behavioral isolation with intrinsic isolation is vital for 
reinforcement (Ortiz-Barrientos, Grealy et al. 2009).  The chromosomal fusion may have aided 
reinforcement in this system by bringing loci underlying behavioral isolation and intrinsic 
isolation into linkage disequilibrium.     
 
My dissertation indicated that divergent natural selection likely had little to do with speciation in 
this group and future work should concentrate on discerning the non-ecological mechanisms (i.e. 
reinforcement) that led to reproductive isolation. 
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 1 
CHAPTER 1: GENERAL INTRODUCTION 
 
Much of the biodiversity we observe on earth was created by speciation. Speciation is the 
process by which one species splits into two new species that are reproductively isolated from 
one another (i.e., there is little to no gene flow between them). Reproductive isolating barriers 
(RIBs) are mechanisms which impede gene flow between two groups and include such forms as: 
behavioral isolation (i.e. individuals prefer to mate with their own species), intrinsic post-zygotic 
isolation (i.e. hybrids have low fitness), and extrinsic postzygotic isolation (i.e. hybrids do badly 
in some parental environments) (Rundle and Whitlock 2001; Coyne and Orr 2004).   
 
Gene flow and recombination directly oppose divergence and speciation. Gene flow and 
recombination oppose genetic differentiation and the evolution of RIBs because they 
homogenize allele combinations that are unique to each population/species (Felsenstein 1981; 
Rieseberg 2001; Ortiz-Barrientos, Reiland et al. 2002; Butlin 2005).  While recombination is not 
a problem in completely allopatric taxa, many species continue to diverge in the presence of gene 
flow (Hey 2006; Nosil 2008).  Under divergence with gene flow, either very strong selection or 
some other mechanism that reduces recombination rates is needed to maintain different allelic 
combinations.   
 
Decreased recombination is especially important in cases of ecological speciation with gene 
flow.  A decade of work in evolutionary biology indicates that divergent natural selection in 
different habitats is usually involved in speciation (i.e. ecological speciation). While ecological 
selection alone can promote speciation (Schluter 2001; Rundle and Nosil 2005; Schluter and 
Conte 2009), a variety of species contain populations that are adapted to different habitats and 
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yet have not undergone speciation (Hendry 2009; Nosil, Harmon et al. 2009).  These conflicting 
outcomes suggest that ecological selection need not always lead to the evolution of RIBs.  When 
the genes under ecological selection also confer reproductive isolation, ecological speciation 
occurs readily (Boughman 2001; Kirkpatrick and Ravigne 2002; Gavrilets 2004).  However, 
when the genes under ecological selection are independent of the genes conferring reproductive 
isolation, alleles for RIBs must somehow become associated with the alleles under ecological 
selection, thus providing a link between adaptation and reproductive isolation (Felsenstein 1981; 
Servedio 2009).   To date, few studies have examined the mechanisms by which divergent 
natural selection can lead to the development of reproductive isolation.  My dissertation research 
focuses on discerning the conditions under which divergent natural selection as a function of 
salinity tolerance leads to speciation in two closely related killifish.  
 
Salinity is an optimal environmental variable to use to determine how divergent natural selection 
may lead to RIBs.  Salinity is already known to strongly effect the ecology and evolution of 
teleosts (Lee and Bell 1999; Hrbek and Meyer 2003; Huyse, Van Houdt et al. 2004; Whitehead 
2010).  The transition from fresh water to sea water along sea coasts is marked by a rapid shift in 
communities in nearly all aquatic organisms.  This shift in abundance reflects the differing 
abilities of species to deal with the osmotic demands posed by fresh versus marine water.  In 
freshwater, organisms are subject to influxes of water and loss of ions to the environment while 
in saltwater they are exposed to ion influxes and loss of water.  Osmoregulation occurs at a 
variety of locations (gills, guts, kidneys, skin), and poses demands in all life stages.  Thus, 
adaptation to salinity should cause divergence in many traits (and their underlying genes) which 
increases the likelihood of speciation as a direct consequence of adaptation to salinity. Despite 
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the importance of salinity, few experimental studies examine the extent to which adaptation to 
salinity has led to speciation.   
 
I examined role of salinity in speciation using Lucania goodei and L. parva (Duggins, Karlin et 
al. 1983; Whitehead 2010).  Lucania goodei and L. parva are two recently diverged sister species 
(Duggins et al. 1983; Whitehead 2010). Despite having approximately 98% transcriptome 
sequence similarity (R.C. Fuller unpublished data), these two species differ strongly in their 
salinity tolerance. Lucania goodei is found primarily in freshwater sites (restricted mainly to 
Florida and southern Georgia) while Lucania parva is euryhaline and can be found in fresh, 
brackish, and marine habitats as far west as central Mexico and as far north as Massachusetts 
(Lee 1980).  Differential adaptation to salinity is found at multiple life stages (Dunson and Travis 
1991; Fuller, McGhee et al. 2007; Fuller 2008). Ancestral reconstruction of salinity tolerance 
suggests that the common ancestor of these two species was marine (Whitehead 2010).  The two 
species have a classic parapatric distribution.  Approximately 15% of L. goodei sites and 17% of 
L. parva sites in Florida are sympatric (Fuller and Noa 2008). Generally, allopatric L. goodei 
populations occur in the interior regions of Florida; allopatric L. parva populations occur along 
the coast; sympatric populations occur over large stretches where freshwater rivers meet the 
coast (Fuller and Noa 2008).  Rivers with high levels of dissolved ions also have many sympatric 
populations.  The fact that the two species co-exist in areas of sympatry indicates that 
reproductive isolation is well established.  A map of populations used in this dissertation can be 
found in Figure 1.1. 
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The two species exhibit multiple forms of reproductive isolation (Fuller, McGhee et al. 2007; 
Fuller 2008). Behavioral isolation is present where each species prefers to mate with 
conspecifics.  Extrinsic postzygotic postzygotic isolation is present where hybrids (back-crosses 
to L. goodei) have particularly low fitness in salt water.  Intrinsic isolation (i.e. decreased hybrid 
fitness regardless of salinity) is also present. Intrinsic isolation between the two species is 
asymmetric where crosses between L. parva males and L. goodei females produce viable and 
fertile male and female F1 hybrids, whereas crosses between L. goodei males and L. parva 
females produce viable and fertile F1 hybrid females, but partially fertile F1 hybrid males.  
However, none of the reproductive isolating barriers are complete.  
 
There are three strong lines of evidence for current gene flow between the two species in 
sympatric populations.  First morphological F1 hybrids have been found in nature (Hubbs, 
Walker et al. 1943).  Second hybrids can easily be generated in the lab and most are viable and 
fertile (Fuller, McGhee et al. 2007; Fuller 2008).  Third, ongoing introgression is implicated due 
to the presence of shared mtDNA haplotypes between L. goodei and L. parva within sympatric 
drainages.  However, microsatellite data support the genetic distinction between the two species 
(R.C. Fuller unpublished data). 
 
I began my thesis by looking for physiological mechanisms to explain the difference in salinity 
tolerance between the two species. I did this by exposing individuals of both species to different 
salinities and then performing a real time PCR study to examine changes in mRNA transcript 
levels of genes known to be involved in osmoregulation (Chapter 2).  I found that L. parva 
expressed higher levels of the genes involved in saltwater ion/osmoregulatory regulation than did 
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L. goodei, but that both species expressed similar levels for two of the three genes involved in 
freshwater osmoregulation.  Surprisingly, I found little evidence for differential plasticity 
between L. parva and L. goodei as a function of salinity.  These results indicate that 
L. parva may increase its transcript levels of osmoregulatory genes when faced 
with any type of salinity challenge. 
 
Next, I examined whether or not divergent natural selection for salinity tolerance has led directly 
to behavioral isolation (Chapter 3).  Previous work indicated that behavioral isolation was 
present, but did not test whether the expression of behavioral isolation varied with environmental 
conditions.  Adaptation to different salinities may have led to differences in mating signals and 
perception of those signals, producing behavioral isolation as a byproduct.  I tested if this had 
occurred by manipulating the environment the fish were in.  If mating signals and preferences in 
L. parva are especially adapted to saltwater and those of L. goodei to freshwater, then changing 
the salinity should decrease the strength of behavioral isolation by interfering with these signals.  
I conducted choice tests where females of both species were paired with a male from either 
species and allowed to spawn in either fresh or salt water.  I also examined whether male L. 
goodei and L. parva actively compete with one another over mating opportunities and whether 
male competition is influenced by the species of the spawning female or salinity. The results of 
this study suggested that divergent natural selection did not play a role in the evolution of 
behavioral isolation.  However, there was a striking asymmetry in courtship; L. goodei males did 
not court L. parva females.  This asymmetry in male choice matches a previously published 
pattern of intrinsic isolation (Fuller, McGhee et al. 2007; Fuller 2008).  F1 hybrid males 
produced between L. goodei males and L. parva females have greatly decreased fertility 
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compared to F1 males from the reverse hybrid cross (L. parva ♂ x L. goodei ♀) (Fuller, McGhee 
et al. 2007; Fuller 2008).  Hence, there may have been selection for species recognition in male 
L. goodei due to low fitness in hybrids (i.e. reinforcement).   
 
In Chapter 3, I showed that the direction of the asymmetry in behavioral isolation was 
concordant with the asymmetry in intrinsic isolation and suggested that reinforcement (i.e. 
selection to avoid mating with hybrids) caused this pattern.  However, the classic signature of 
reinforcement is heightened behavioral isolation in areas of sympatry.  In Chapter 4, I explicitly 
tested whether or not reinforcement of male preferences had occurred by comparing male 
preferences from sympatric and allopatric populations.  Males from sympatric and allopatric 
populations were exposed to females of both species over two days and their behavior was 
monitored.  Allopatric males were significantly more likely to court heterospecific females than 
sympatric males.  This is in agreement with the expectations of reinforcement theory. 
 
In the final two chapters of my thesis, I tested whether or not chromosomal rearrangements have 
led to linkage disequilibrium between genes underlying reproductive isolation and genes 
underlying salinity tolerance.   Many closely related species differ in chromosome number and 
shape. Chromosomal rearrangements can be important to both adaptation and the development of 
reproductive isolation since rearrangements can physically link species-specific genes in areas of 
low recombination (White 1978; Trickett and Butlin 1994; Noor, Grams et al. 2001; Rieseberg 
2001; Ortiz-Barrientos, Reiland et al. 2002; Feder, Roethele et al. 2003; Navarro and Barton 
2003; Brown, Burk et al. 2004; Butlin 2005; Kirkpatrick and Barton 2006; Carneiro, Ferrand et 
al. 2009).  I created linkage maps for both L. goodei and L. parva and analyzed them for synteny 
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to determine if genomic rearrangements had occurred (Chapter 5).  I found two putative 
rearrangements.  First, a fusion between linkage groups 13 and 14 in L. goodei has led to a large 
metacentric chromosome (linkage group 1 in L. parva).   Second, an inversion may have 
occurred between linkage group 7 in L. parva and 16 in L. goodei.   I performed a QTL analysis 
to determine if the genes underlying salinity tolerance and reproductive isolation are located 
within these rearrangements (Chapter 6).   The fused chromosome contained five QTL 
underlying four different traits involved in intrinsic and behavioral isolation.  QTL for different 
aspects of behavioral isolation often co-localized with eachother as well as with QTL for 
intrinsic isolation.  In contrast, the genetic underpinnings of salinity tolerance had little 
relationship to reproductive isolation.  Only one of four QTL underlying salinity tolerance 
mapped to the same location as a QTL involved in reproductive isolation.  Thus, genetic 
differentiation in salinity tolerance does not seem to be strongly associated with reproductive 
isolation.  Instead, our data suggest that chromosomal rearrangements are important in linking 
female and male behavioral isolation and genes related in intrinsic isolation.  Linkage of 
behavioral isolation with intrinsic isolation is vital for reinforcement (Ortiz-Barrientos, Grealy et 
al. 2009).  The chromosomal fusion may have aided reinforcement in this system by bringing 
loci underlying behavioral isolation and intrinsic isolation into linkage disequilibrium.     
 
My thesis indicates that while L. goodei and L. parva have clearly differentiated in salinity 
tolerance and the physiological mechanisms underlying salinity tolerance adaptation to salinity 
plays a limited role in the current expression of reproductive isolation.  I showed that the 
expression of behavioral isolation is robust to differences in salinity environment and that the 
areas of the genome involved in salinity tolerance do not overlap those involved in reproductive 
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isolation.  Instead, these two species have experienced a major genomic rearrangement, and this 
genomic rearrangement has been critical in the evolution of reproductive isolation.  The 
chromosomal fusion contains loci for both intrinsic isolation (especially male fitness) and 
behavioral isolation.  Reinforcement has strengthened male preferences for conspecifics and may 
have been aided by the fused chromosome.  The genetic link between behavioral isolation and 
intrinsic isolation has rarely been dissected and this is (to my knowledge) the first time a 
chromosomal fusion has been implicated in this process.  This work has strong implications for 
understanding reinforcement and speciation, as chromosomal fusions have occurred between 
many pairs of sister species (White 1978; Grant 1981) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 9 
CHAPTER 2: INTERSPECIFIC DIVERGENCE IN 
IONOREGULATORY PHYSIOLOGY IN KILLIFISH: 
INSIGHT INTO ADAPTATION AND SPECIATION1 
 
 
Abstract 
Adaptation to salinity is potentially a critical driving force of speciation in fishes.  Here we tested 
for differences in ion/osmoregulatory gene expression between two species of killifish, Lucania 
goodei and L. parva that differ in salinity tolerance.  Expression patterns of several genes 
encoding ion transport proteins were quantified for animals taken directly from populations that 
varied in salinity as well as animals from a salinity transfer experiment.  We found that L. parva, 
a euryhaline species, expressed higher levels of the genes involved in saltwater 
ion/osmoregulatory regulation than its stenohaline counterpart L. goodei (Na+/K+-ATPase 1a and 
1b,  Na+-K+-2Cl- cotransporter 1, and glucocorticoid receptor) when exposed to a change in 
salinity in the laboratory.  However, both species expressed similar levels for two of the three 
genes involved in freshwater osmoregulation (14-3-3a and V-type H+-ATPase).  Surprisingly, we 
found little evidence for differential plasticity between L. parva and L. goodei in our salinity 
transfer experiment. Lucania parva expressed high levels of genes involved in both freshwater 
and saltwater ion/osmoregulation, while L. goodei only expressed high levels of genes involved 
in freshwater osmoregulation.  These results indicate that L. parva may increase their transcript 
levels of osmoregulatory genes when faced with any type of salinity challenge. Thus, changes in 
ion/osmoregulatory physiology may be occurring post-transcriptionally via differential RNA 
                                                 
1 This chapter appears in its entirety in the Journal of Zoology.  Berdan, E. L., Fuller, R. C. (2012), Interspecific 
divergence of ionoregulatory physiology in killifish: insight into adaptation and speciation. Journal of Zoology. 
doi: 10.1111/j.1469-7998.2012.00914.x. This article is reprinted with the permission of the publisher 
and is available from http://onlinelibrary.wiley.com and using doi: 10.1111/j.1469-7998.2012.00914.x. 
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processing or enzyme activity.  These findings provide unique insight into the 
ion/osmoregulatory physiology that underlies species and population differences in salinity 
tolerance. 
Introduction 
Differential salinity tolerance often distinguishes sister species in teleost fishes and may be an 
important driving force in ecological speciation (Gabrielsen, Brochmann et al. 2002; Hrbek and 
Meyer 2003; Huyse, Van Houdt et al. 2004; Whitehead 2010).  Ecological speciation posits that 
selection on traits in contrasting environments leads to reproductive isolation (Schluter 1996; 
Schluter 2001; Rundle and Nosil 2005).  Although the mechanisms of ion/osmoregulation in 
teleost fish are relatively well known (Wood and Marshall 1994; Perry 1997; Marshall 2002; 
Evans, Piermarini et al. 2005; Hwang and Lee 2007) little is known about how these mechanisms 
have diverged between species with differential salinity tolerance.  Previous comparative studies 
on salinity tolerance mechanisms have focused on non sister species or on differences within the 
species level (Able and Palmer 1988; Singer, Clements et al. 2002; Scott, Rogers et al. 2004; 
Bystriansky, Richards et al. 2006; Kang, Tsai et al. 2008).  However, there has been less focus 
on evolutionary divergence in ion/osmoregulation between closely related species differing in 
salinity tolerance.  Comparing closely related species allows for a delineation of which aspects of 
the ion/osmoregulatory machinery are most labile to evolutionary change and the way in which 
they undergo modification providing critical insights into the physiological mechanisms 
underlying ecological speciation.  
 
In teleost fish, ion excretion in seawater via gills is thought to involve a basolateral Na+/K+-
ATPase as well as a basolateral Na+-K+-2Cl—cotransporter which help to create an 
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electrochemical gradient favoring ion movement (Evans, Piermarini et al. 2005).  A chloride 
channel is also involved in apical chloride secretion and may be regulated by cortisol via a 
glucocorticoid receptor (Kiilerich, Kristiansen et al. 2007).  The exact mechanisms for 
freshwater ion/osmoregulation in teleosts are less well defined but are thought to involve an 
apical V-type H+-ATPase which may be coupled with a sodium channel to absorb sodium.  
Carbonic anhydrase produces H+ ions for the ATPase (by catalyzing the reaction of water and 
CO2) and a recently discovered 14-3-3 signaling protein may regulate these processes (Kultz, 
Chakravarty et al. 2001). 
 
The studies which have investigated divergence in ion/osmoregulatory mechanisms have focused 
on non-sister species or populations within species.  These studies have identified which of the 
aforementioned genes differ in expression in fresh and saltwater.   Within the medakas, a 
freshwater and a brackish water species differ in patterns of expression of Na+/K+-ATPase upon 
exposure to fresh, brackish, and salt water (Kang, Tsai et al. 2008).  The freshwater species had 
the highest expression in freshwater while the salt water species had the highest expression in 
salt water.  Among three salmonid species, the one with the greatest capacity for salinity 
acclimation (Salmo salar) also had the highest Na+/K+-ATPase expression (Bystriansky, 
Richards et al. 2006).   In the mummichug (Fundulus heteroclitus), northern populations exhibit 
much higher survival in freshwater than southern populations across multiple life stages (Able 
and Palmer 1988; Scott, Rogers et al. 2004).  Upon osmotic challenge, these two populations 
differ in gene expression (Na+/K+-ATPase, Na+-K+-2Cl-), enzyme activity (Na+/K+-ATPase), and 
gill morphology.  The northern population increased expression and activity of Na+/K+-ATPase 
to a greater extent than did the southern population.  Similarly, gene expression of the cystic 
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fibrosis transmembrane receptor, which is involved in chloride ion transport, differs between two 
strains of salmon smolts with differential salinity tolerance (Singer, Clements et al. 2002).  These 
studies indicate which genes and pathways may be expected to change when species/populations 
diverge in salinity tolerance.  However, cases where sister species are examined and salinity is 
known to have played a role in the speciation event still need to be examined.   
 
The current study examines differences in ion/osmoregulatory gene expression between two 
sister species with differential salinity tolerance.  The Fundulidae family occupies diverse 
salinities and is a model system for salinity tolerance (Wood and Marshall 1994; Burnett, Bain et 
al. 2007; Whitehead 2010).  The fundulids Lucania goodei and L. parva are particularly 
interesting because they are closely related sister species that have recently diverged (Duggins, 
Karlin et al. 1983; Whitehead 2010).  Despite having 98% transcriptome sequence similarity 
(R.C. Fuller unpublished data), these two species differ radically in their salinity tolerance.  
Lucania goodei is found primarily in freshwater sites (restricted to Florida and southern Georgia) 
while Lucania parva is euryhaline and can be found in fresh, brackish, and marine habitats (as 
far north as Massachusetts and as far west as central Mexico) (Lee 1980).  These differences in 
habitat correspond with differential adaptation to salinity at multiple life stages (Fuller, McGhee 
et al. 2007; Fuller 2008).  Egg hatching success, larval survival, and adult survival are reduced 
under high salinity conditions in L. goodei (Dunson and Travis 1991; Fuller, McGhee et al. 2007; 
Fuller 2008).  A breeding study between the two species has shown that these differences in 
salinity tolerance have led to extrinsic postzygotic isolation (where the hybrids fail to fit into the 
parental niches) (Fuller 2008).  
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The current study has two aims.  First, we wanted to determine which ion/osmoregulatory genes 
(of the ones implicated in previous studies, see methods below) show differential expression 
between these two species.  Second, we wanted to compare plasticity in gene expression between 
the two species.  Since L. parva is euryhaline, we predicted that it should be more adept at 
adjusting to multiple environments than L. goodei and should have greater phenotypic plasticity 
in gene expression. To meet these goals, we performed two studies.  First, we collected fish 
directly from the field to determine whether gene expression from animals in natural populations 
varied between the species and among populations within each of the species (field survey).  For 
L. parva, we could compare gene expression between populations that were collected under 
different salinity conditions (freshwater (n = 4), brackish water (n = 1), and saltwater (n = 1)).  
Second, we collected fish and exposed them to one of three salinity treatments (salinity challenge 
experiment).   This allowed us to compare gene expression between species, populations within 
species, salinity treatments, and the interactions between salinity and species (salinity x species) 
and between populations nested within species and salinity (salinity x population (species)).  
 
Materials and Methods  
 
Ion/Osmoregulatory Genes 
Based on a review of the literature, we chose to measure expression of three genes involved in 
freshwater regulation and four genes involved in saltwater regulation.  We chose the following 
freshwater genes: carbonic anhydrase 2 (CA2), V-type H+-ATPase subunit A (H+-ATPase), and 
14-3-3a signaling protein (14-3-3). We chose the following saltwater genes: Na+/K+-ATPase α1a 
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(Na+/K+-ATPase 1a), Na+/K+-ATPase α1b (Na+/K+-ATPase 1b), Glucocorticoid receptor (GR), 
and Na+-K+-2Cl--cotransporter 1 (NKCC1). 
 
Field Survey 
The goal here was to compare gene expression between L. goodei and L. parva as well as 
between L. parva populations that differed in salinity.  Details on the sites can be found in Table 
2.1.  Fish were collected using dip nets and seines in July 2007.  Salinity, in parts per thousand 
(ppt), was measured at each site using a YSI-63 meter (YSI Inc., Yellow Springs, OH).  At each 
site, 2-3 animals from each species were euthanized with MS-222 (Argent Chemical 
Laboratories, Redgemont, WA) immediately after collection.  Their gills and opercula were 
removed and stored in RNAlater (QIAGEN, Valencia, CA).  A literature survey failed to turn up 
any data on how MS-222 may affect expression.  However, due to the immediate removal of the 
pertinent structures after death any effect of MS-222 should be minimal.  The samples were then 
transported back to the University of Illinois at Urbana-Champaign and stored at -20° C.   We 
collected both the gills and operculum because prior research has shown that they are both 
involved in osmoregulation in fundulids (Scott, Claiborne et al. 2005). 
 
Salinity Challenge Experiment 
The goal here was to compare gene expression levels and phenotypic plasticity as a function of 
alterations in salinity between species as well as between populations within species.  Adult L. 
parva were collected from the following sites: Three Fingers (freshwater) and Lighthouse pond 
(saltwater).   Adult L. goodei were collected from the Upper Bridge and Lower Bridge collecting 
sites (both freshwater).  Animals were collected in March 2007.  All sites were in Wakulla, Co., 
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FL. The fish were returned to Florida State University where they were sexed and measured.  
Afterwards they were immersed into one of three salinity treatments: 0, 10, and 20 ppt. There 
was one tank per population per salinity.  Five fish were put into each tank with the exception of 
Lighthouse Pond fish where there were three fish per tank.  Salinity treatments were created by 
filling 38 liter aquaria with well water and adjusting the salinity with Instant Ocean® Sea Salt 
(Spectrum Brands, Atlanta, GA).  Salinities were verified with a YSI-63 meter.  Fish were fed 
daily with frozen brine shrimp, and lights were maintained on a 14L:10D cycle.  Five days later 
the surviving individuals were removed and euthanized with MS-222.  Gills and opercula were 
removed and stored in RNAlater and transported back to the University of Illinois at Urbana-
Champaign.   The samples were stored at -20° C.  
 
Real Time PCR Analysis of Gene Expression 
We extracted mRNA from gills and opercula in a single reaction.  Tissue was homogenized in 
0.5 ml of TRIzol® (Invitrogen, Carlsbad, CA).  Afterwards, 200 μl of chloroform and 10 μl of 
glycogen (1 mg/ml) were added.  After centrifugation, the clear aqueous layer was removed.  
Five hundred μl of isopropanol was added.  The reaction was allowed to incubate on ice and then 
centrifuged.  All liquid was removed, and 600 μl of 80% ethanol was added.  The reaction was 
centrifuged, the ethanol was removed, and the pellet allowed to dry.  RNA concentration and 
integrity were verified using a spectrophotometer.   
 
Total RNA was reverse transcribed into cDNA.  The reaction contained 10 μl of RNA, 2.625 μl 
water, and 2.5 μl oligo (dT)18 (Bioline, Taunton, MA).  This reaction was heated to 65°C for 5 
minutes then quenched on ice for one minute.  Five μl of 5X first strand buffer, 2.5 μl of 0.1M 
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DTT, 0.5 μl of 2 mM DNTP (Promega, Madison, WI), 0.625 μl of 40 U/μl RNase inhibitor 
(Fisher Scientific, Pittsburgh, PA), and 1.25 μl of 200 U/μl Superscript II were added.  The 
reaction was then incubated at 25°C for 10 minutes, 42°C for 50 minutes, then 70° C for 15 
minutes. 
 
Quantitative real-time PCR (qRT-PCR) was performed for ion/osmoregulation genes.  Primer 
sequences were taken from Scott et al. 2004a and Scott et al. 2004b and can be found in Table 
2.2.   
 
Quantification of gene expression was performed with an ABI Prism 7900 sequence detector 
(Applied Biosystems, Foster City, CA).  PCR reactions contained 5 μl SYBR® Green PCR 
master mix, 1.5 μl of 3 μM forward primer, 1.5 μl of 3 μM reverse primer, and 2 μl cDNA.  
Three technical replicates of each cDNA sample were performed.  Control reactions with no 
cDNA template were included to determine the level of background contamination. A 12 step 
serial dilution standard curve was generated for each gene for each species five times using 
random cDNA samples.  Results were then normalized to Elongation Factor 1α (EF1α), a 
common housekeeping gene. The absolute level of mRNA expression of each gene examined 
(X) was estimated using the following formula: 
 
X = efficiencyfocalgene-ct-focalgene/ efficiencyef1α-ct-ef1α          (1) 
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where efficiency is calculated from the slope of the standard curve after a log transformation and 
ct corresponds to the threshold cycle number.  Efficiency values for all primers can be found in 
Table 5.  Technical replicates were averaged giving one value per gene per biological sample.   
 
Statistical Analysis 
The goal of the field survey was to determine whether there was variation within and among 
species in ion/osmoregulatory gene expression.  General linear models were used to determine 
the effects of species and population on ln-transformed expression values.  Because not all 
populations contained both species, we nested population within species.  All main effects were 
fixed. 
 
The goal of the salinity challenge experiment was to determine (1) whether there was variation 
within and among species, (2) whether there was overall plasticity as a function of salinity, and 
(3) whether species or populations nested within species differed in their responses to salinity in 
ion/osmoregulatory gene expression.  Hence, the analysis considered the effects of species, 
populations nested with species, salinity, and all possible interactions.  All main effects were 
modeled as fixed effects.  We also performed a Tukey studentized range comparison to 
determine if individual species/salinity combinations differed from each other. Analyses were 
conducted using Proc Mixed and Proc GLM in SAS (Cary, NC).   
 
Results  
Overall, L. parva expressed higher levels of saltwater genes than did L. goodei, but this pattern 
was much stronger in the salinity challenge experiment than in the field survey.  Field-caught L. 
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parva had higher expression levels than L. goodei for two of the four genes involved in saltwater 
ion/osmoregulation (Figure 2.1 and Table 2.3) while in the salinity challenge experiment, all four 
of the saltwater genes were expressed at higher levels in L. parva (Figure 2.2 and Table 2.4). In 
contrast, there were no stark species differences in the overall expression of freshwater 
ion/osmoregulatory genes. (Figures 2.1, 2.3, and 2.4, Tables 2.3 and 2.4).   We examined 
expression of our control gene (EF1α) to determine if this was driving any patterns we saw.  
Expression levels of EF1α were not affected by any of our main effects for either our field or lab 
data. Below, we discuss the results for each of the genes.  All of our results are shown in the 
tables but only statistically significant (or nearly significant) results are displayed in figure form.  
For the salinity challenge experiment, Tukey comparisons supported the ANOVA results in all 
cases except for ATPase1B and GR.  In these cases, although there were strong species 
differences across salinities, there were no differences within salinities. 
 
Saltwater Genes  
Both Na+/K+-ATPase 1a and Na+/K+-ATPase 1b help to create to create an electrochemical 
gradient favoring ion movement out of the cell in saltwater (Evans, Piermarini et al. 2005).  
Lucania parva had higher expression of Na+/K+-ATPase 1a than L. goodei in both the field 
survey (Figure 2.1A, Table 2.3) and the salinity challenge experiment (Figure 2.2A, Table 2.4).  
Na+/K+-ATPase 1b showed higher expression by L. parva in the salinity challenge experiment, 
but there was no significant species effect in the field survey (Tables 2.3 and 2.4, Figures 2.1B 
and 2.2B).   
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GR mediates cortisol levels, which in turn regulate chloride channels for the excretion of 
chloride (Kiilerich, Kristiansen et al. 2007).   Like all the other saltwater genes, L. parva also had 
higher expression of GR than L. goodei in the salinity challenge experiment (Figure 2.2C, Table 
2.4).  While there was no species effect in the field survey, there was a marginally non-
significant effect of population within species (Figure 2.1C, Table 2.3).  
 
NKCC1 helps create an electrochemical gradient favoring ion movement out of the cell in 
saltwater (Evans, Piermarini et al. 2005).  Lucania parva had higher NKCC1 expression than L. 
goodei in both the field survey (Figure 2.1D, Table 2.3) and the salinity challenge experiment 
(Figure 2.2D, Table 2.4).  NKCC1 was also one of two saltwater genes that varied with salinity 
in the salinity challenge experiment.  NKCC1 expression increased with increasing salinity in 
both species (Figure 2.2D).  
 
Freshwater Genes 
Carbonic anhydrase (CA) is involved in multiple processes in the teleost gill including gas 
exchange, acid-base balance, and ion exchange (Sattin, Mager et al. 2010).  CA plays a role in all 
three of these processes by catalyzing the reversible hydration/dehydration reactions of CO2, 
producing equal amounts of H+ and HCO3-.  The field survey and the salinity challenge 
experiment indicated that L. goodei had higher CA2 expression than L. parva (Figures 2.1E and 
2.3A).  This was the only gene that we measured where L. goodei had higher gene expression 
than L. parva.  Additionally, this was the only freshwater gene we examined where salinity 
altered expression.  Unexpectedly, CA2 expression increased with salinity.   
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H+-ATPase extricates hydrogen ions from gill cells in freshwater.  This reaction is thought to be 
coupled with sodium absorption (Evans, Piermarini et al. 2005).   There were no differences in 
H+-ATPase expression between L. parva and L. goodei in either the field survey (Figure 2.4A, 
Table 2.3) or the salinity challenge experiment (Figure 2.3B, Table 2.4). However, there was a 
non-significant trend for H+-ATPase expression to vary such that H+-ATPase expression was 
highest in freshwater (0 ppt) and decreased with increasing salinity (Figure 2.3B). 
14-3-3a is a signaling protein thought to be involved in osmotic regulation (Kultz, Chakravarty et 
al. 2001).  There were no species effects in either the field survey or the salinity challenge 
experiment (Figure 2.3C, Tables 2.3 and 2.4).   
 
Discussion 
Our strongest result was that when exposed to a change in salinity L. parva expressed higher 
levels of saltwater genes than did L. goodei. This occurred despite the fact that some of the L. 
parva populations inhabit fresh water.  Conversely, there were no absolute differences between 
species in the expression of freshwater ion/osmoregulatory genes. Our observed species 
differences were robust to changes in salinity in our salinity challenge experiment, and we found 
little evidence for differential plasticity between L. goodei and L. parva.  Below we discuss these 
results in further detail. 
 
Expression of genes involved in saltwater osmoregulation and ionregulation 
All four of the saltwater genes were expressed at higher levels in L. parva than L. goodei in the 
salinity challenge experiment (Figure 2.2).  However, in the field survey only ATPase 1a and 
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NKCC1 were expressed at higher levels in L. parva compared with L. goodei (Figure 2.1).  Thus 
L. parva does not have high expression levels of these genes in the natural environment but 
increases expression of them to a greater extent than L. goodei upon entering a new environment.  
One possible explanation for this result is that L. parva, unlike L. goodei, is indeed able to mount 
a physiological response upon entering a new environment.  Despite strong species differences, 
we observed a surprisingly small amount of overall phenotypic plasticity in the expression of 
saltwater genes between the different treatments. Only 1 of our 4 saltwater genes (NKCC1) 
showed an effect of salinity (Figure 2.2).  Additionally, our species specific differences remained 
strong across multiple salinity treatments.  There are several physiological explanations for the 
lack of observed plasticity in L. parva.  First, L. parva may react to all changes in salinity by 
increasing transcript levels with changes in ion/osmoregulatory physiology occurring post-
transcriptionally via differential RNA processing or enzyme activity.  Hence, the relationship 
between gene expression and the actual physiology may be weak.  Second, we may have not 
measured the genes that are most vital to osmoregulation in our species.  Several other enzymes 
such as Na+/H+-exchanger and Na+/HCO3– cotransporter may be important and would have been 
missed by our experiment. Experimental design could also account low levels of observed 
plasticity.  Phenotypic plasticity in gene expression may have been more transient than expected 
and thus not captured by the time frame of this experiment.  Scott and colleagues (2004a) have 
found that several genes in the closely related F. heteroclitus increase transiently over a 24 hour 
period and then return to normal levels by the 4th day.  Because we assayed our fish on day five 
post-salinity transfer, we may have missed the period of greatest change and assayed the animals 
when the differences between salinities were less stark.  Future studies would do well to examine 
gene expression on a finer temporal scale.   
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Gene expression of genes involved in freshwater osmoregulation and ionregulation 
Carbonic anhydrase (CA) is involved in multiple processes in the teleost gill including gas 
exchange, acid-base balance, and ion exchange (Sattin, Mager et al. 2010). Although CA is 
present at high abundances in gill epithelial cells, studies examining the expression and activity 
in relation to salinity give contrasting results.  Some studies show an increase in 
activity/expression of CA2 when fish are exposed to freshwater (Scott and Schulte 2005), some 
show an increase when fish are exposed to saltwater or show higher CA2 levels for saltwater 
than freshwater populations (Kultz, Bastrop et al. 1992), and other studies show no difference 
between populations or treatments in relation to salinity (Sender, Bottcher et al. 1999; Tang and 
Lee 2007).   
 
We chose to categorize CA as a freshwater gene due to results in the closely related F. 
heteroclitus, where expression increased with decreasing salinity (Scott and Schulte 2005).  
However, of our three freshwater genes, CA2 had the most complicated pattern.  Two 
observations were consistent with CA2 playing a role in freshwater ion/osmoregulation.  First, L. 
goodei had higher expression of CA2 than L. parva in both the field survey and the salinity 
challenge experiment (Figures 2.1D and 2.3A).  Second, in the field survey, two of the three 
freshwater L. parva populations (3F and DB) had higher CA2 expression than the marine 
population (LP) (Figure 2.1D).  These results suggest that animals from freshwater populations 
have higher CA2 expression than animals from saltwater populations.  However, our salinity 
challenge experiment found an overall effect of salinity where CA2 expression increased with 
salinity (Figure 2.3A).   The discrepancies in our data may be due to the fact with we did not 
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perfuse our gills with saline and are thus measuring blood carbonic anhydrase as well.  However, 
other studies have found that perfusing has not changed overall expression levels (Perry, Beyers 
et al. 2000) and other studies have found strong effects of CA2 without perfusing (Scott, 
Richards et al. 2004).   
 
Our other two freshwater genes, H+-ATPase and 14-3-3 showed no variation.  Similarly, other 
studies have found no differences in H+-ATPase expression between treatments or populations 
(Scott, Richards et al. 2004; McCairns and Bernatchez 2010).  It is possible that in fundulids H+-
ATPase is mostly used for acid-base regulation rather than osmoregulation due to its basolateral 
location.  Another possibility is that H+-ATPase plays a role in freshwater ion/osmoregulation in 
these species but is regulated primarily through post-transcriptional mechanisms.  Reactivity of 
H+-ATPase protein may increase in freshwater and decrease with increasing salinity (Katoh, 
Hyodo et al. 2003; Lee, Kiergaard et al. 2011).  14-3-3 also showed no significant effects.  
Multiple studies in F. heteroclitus have found that 14-3-3a mRNA expression increased after 
transfer to freshwater (Kultz, Chakravarty et al. 2001; Scott, Claiborne et al. 2005).   The 
ion/osmoregulatory role of 14-3-3a has yet to be fully clarified, and 14-3-3a has been implicated 
in many pathways.   
 
In conclusion, L. parva, the euryhaline species, consistently had higher expression of saltwater 
genes than L. goodei, the freshwater species.   However, we found few overall differences 
between the two species in the expression of freshwater genes.  When combined with previously 
published survival data (Dunson and Travis 1991, R.C. Fuller, unpublished data), our results 
indicate that L. goodei may have lost the ability to deal with saltwater stressors without 
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increasing their ability to deal with freshwater stressors.  Our a priori expectation was that L. 
parva would show higher levels of phenotypic plasticity in gene expression in comparison to L. 
goodei.  Instead, our study indicates that L. parva may maintain high transcript levels of 
osmoregulatory genes allowing them to tolerate a broad range of salinities.  These findings are 
consistent with the fact that salinity levels are much more variable for coastal L. parva 
populations than they are for freshwater L. goodei populations.    
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CHAPTER 3: A TEST FOR ENVIRONMENTAL 
EFFECTS ON BEHAVIORAL ISOLATION IN TWO 
SPECIES OF KILLIFISH2 
 
 
 
Abstract 
Behavioral isolation is a common and potent mechanism of reproductive isolation.  Determining 
the extent to which behavioral isolation varies with environmental conditions is critical to 
understanding speciation and the maintenance of species boundaries.  Here, we tested the effect 
of salinity on behavioral isolation (female species recognition, male-male competition, male 
species recognition) between two closely related killifish (Lucania goodei and L. parva) that 
differ in salinity tolerance. We performed no-choice assays and behavioral trials where males 
could compete and court females in fresh water (0 ppt) and brackish water (15 ppt).  We found 
high levels of behavioral isolation that did not vary as a function of salinity.  In behavioral trials, 
male species recognition of females was strong and asymmetric between the two species.  
Lucania goodei males preferred conspecifics and rarely courted or mated with L. parva females.  
Lucania parva males preferred conspecifics but readily courted and mated with L. goodei 
females.  This asymmetry matches previously documented asymmetries in hybrid offspring 
fitness.  Crosses between L. parva males and L. goodei females produce fully viable/fertile 
hybrids, but crosses between L. goodei males and L. parva females produce males with reduced 
fertility.  Hence, behavioral isolation may have evolved in part due to reinforcement.   
 
                                                 
2 This chapter appears in its entirety in Evolution and is referred to later in this dissertation as “Berdan and Fuller 
2012”.  Berdan, E. L. and Fuller, R. C. (2012), A test for environmental effects on behavioral isolation in two 
species of killifish. Evolution. doi: 10.1111/j.1558-5646.2011.01646.x doi: 10.1111/j.1469-7998.2012.00914.x. This 
article is reprinted with the permission of the publisher 
and is available from http://onlinelibrary.wiley.com and using doi: 10.1111/j.1558-5646.2011.01646.x. 
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Introduction 
Behavioral isolation, where individuals prefer to mate with members of their own 
population/species, is one of the most common forms of reproductive isolation in animals (Mayr 
1963; Coyne and Orr 2004).  The critical task is determining how preferences diverge over time 
to produce behavioral isolation (Rundle and Boughman 2010). Behavioral isolation is generally 
thought to evolve via two main pathways.  First, behavioral isolation may evolve as a 
consequence of divergent natural selection due to different environmental conditions (i.e. an 
ecological mechanism, Schluter 2001; Boughman, Rundle et al. 2005; Rundle and Boughman 
2010). Examples of this include (a) good genes sexual selection when the character trait is 
ecologically relevant, (b) sensory drive where environmental conditions affect signaling 
dynamics, and (c) reinforcement due to extrinsic postzygotic isolation (Endler 1992; Boughman 
2001; Boughman 2002; Servedio and Noor 2003; Rundle and Boughman 2010; Maan and 
Seehausen 2011).  Second, behavioral isolation may evolve independently of divergent natural 
selection to different environmental conditions (a non-ecological mechanism, Schluter 2001; 
Rundle and Boughman 2010). For instance, behavioral isolation may evolve via divergent sexual 
selection where the direction of selection is independent of environmental conditions.  Examples 
of this include sexual conflict or runaway sexual selection where preference initially diverges 
due to chance events (Lande 1981; Kirkpatrick and Ryan 1991; Noor 1999; Arnqvist, 
Edvardsson et al. 2000; Hall, Kirkpatrick et al. 2000; Martin and Hosken 2003; Servedio and 
Noor 2003). Behavioral isolation may also evolve via reinforcement due to intrinsic isolation 
when low hybrid fitness creates selection for individuals to mate with conspecifics regardless of 
environmental conditions (Howard 1993; Noor 1999; Servedio and Noor 2003; Coyne and Orr 
2004).  
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While ecological and non-ecological mechanisms can both lead to behavioral isolation between 
species, they have different implications for ecological population divergence (i.e., ecological 
speciation) in the face of gene flow.  If a non-ecological mechanism drives the evolution of 
behavioral isolation, then ecological adaptation and non-random mating are conceivably 
independent traits that require linkage disequilibrium in order for speciation to occur (Felsenstein 
1981; Gavrilets 2004; Servedio 2009). Conversely, if an ecological mechanism drives the 
evolution of behavioral isolation, then the genes that confer behavioral isolation are also under 
ecological selection themselves. In this case, two separate sets of genes are under the same 
selection pressure which generates strong linkage disequilibrium between them making 
ecological speciation more likely (Boughman 2001; Kirkpatrick and Ravigne 2002; Gavrilets 
2004). Hence, population divergence and speciation is more feasible when behavioral isolation is 
ecologically dependent. 
 
One sign of behavioral isolation evolving due to an ecological mechanism is environment-
dependent behavioral isolation where species exert their strongest preferences for conspecifics in 
their natal environments.  For instance, ornaments/signals that reflect local adaptation as in good 
genes for ecologically relevant character traits may be sensitive to the local environment 
(Andersson 1994; Badyaev and Snell-Rood 2006; van Doorn, Edelaar et al. 2009). In this case, 
traits involved in species recognition are plastic with respect to the natal environment and thus 
are only correctly expressed when animals are raised in their native habitats. Similarly, under 
sensory drive, sexual ornaments/signals that have been selected for high detection in a specific 
environment (Endler 1992; Endler and Basolo 1998; Boughman 2002; Slabbekoorn and Smith 
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2002; Patten, Rotenberry et al. 2004; Badyaev and Snell-Rood 2006; Seehausen, Terai et al. 
2008; Cocroft, Rodriguez et al. 2010; Tobias, Aben et al. 2010) and may not be expressed 
properly or may not be effective at stimulating the receiver's sensory system in non-native or 
disrupted habitats (Long and Houde 1989; Milinski and Bakker 1990; Seehausen, vanAlphen et 
al. 1997; Fisher, Wong et al. 2006; Lewandowski and Boughman 2008; Tobler, Schlupp et al. 
2008; Plath, Riesch et al. 2010).  
 
Alternatively, behavioral isolation may evolve independently of ecological conditions.  Certain 
forms of sexual selection - where the costs and benefits of preferences and their associated traits 
are independent of the environment - can lead to behavioral isolation (Lande 1981; Higashi, 
Takimoto et al. 1999; Arnqvist, Edvardsson et al. 2000; Martin and Hosken 2003; Ritchie 2007).  
Similarly, reinforcement driven by intrinsic, genetic incompatibilities can also lead to behavioral 
isolation (Howard 1993; Servedio and Noor 2003).  Reinforcement makes several testable 
predictions. It predicts that behavioral isolation is greater in areas of sympatry between two 
species (Noor 1999; Servedio and Noor 2003; Coyne and Orr 2004). This prediction has been 
tested and verified in a number of systems (Servedio and Noor 2003; Coyne and Orr 2004). 
Reinforcement also predicts that behavioral isolation will be asymmetric in species pairs with 
asymmetrical intrinsic isolation such that behavioral isolation will be greatest in the direction 
where hybrids have the lowest fitness (Bordenstein, Drapeau et al. 2000; Servedio and Noor 
2003; Hoskin, Higgie et al. 2005; Yukilevich 2012).  A recent meta-analysis of Drosophila 
showed that in sympatry 15 out of 16 species pairs had asymmetrical pre-zygotic isolation that 
matched the direction of asymmetrical post-zyotic isolation (Yukilevich 2012). In contrast, only 
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10 out of 20 allopatric pairs had matching directions of pre and post-zygotic isolation 
(Yukilevich 2012). 
 
Study System 
In this study, we test for environment-dependent behavioral isolation between two closely related 
species of killifish (Lucania goodei and L. parva) that differ in the salinity tolerance but still 
have appreciable geographic overlap.  Lucania goodei and L. parva are two recently diverged 
sister species (Duggins, Karlin et al. 1983; Whitehead 2010).  Despite having approximately 
98% sequence similarity (R.C. Fuller unpublished data), these two species differ significantly in 
their salinity tolerance. Lucania goodei is found primarily in freshwater sites (restricted to 
Florida and southern Georgia) while Lucania parva is euryhaline and can be found in a wide 
variety of salinities as far north as Massachusetts and as far west as central Mexico (Lee 1980). 
Lucania parva is found in a wider range of temperatures (8.8 to 37.5°C) than L. goodei (13.5-
35°C) (Arndt 1971).  The wider range of salinity tolerance and temperature tolerance exhibited 
by L. parva may have allowed them to inhabit a wider geographical range.   Both species occur 
in populations with large amounts of vegetation. Differential adaptation to salinity is found at 
multiple life stages (Dunson and Travis 1991; Fuller, McGhee et al. 2007; Fuller 2008). 
Ancestral reconstruction of salinity tolerance suggests that the common ancestor of these two 
species was marine (Whitehead 2010).   
 
Both species are extremely iteroparus and will lay eggs continuously on aquatic vegetation 
during the breeding season (April-September depending on local temperatures).  Eggs of both 
species are small and clear and will incubate for 5-14 days depending on temperature (Arndt 
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1971; E.L. Berdan pers. obs.).  After hatching, fry of both species will reach sexual maturity in 
2-4 months depending on temperature and density (Arndt 1971; E.L. Berdan pers. obs.; Foster 
1967).   
 
The two species exhibit multiple forms of reproductive isolation including behavioral, extrinsic 
postzygotic, and intrinsic isolation (Fuller 2008). Intrinsic isolation between the two species is 
asymmetric where crosses between L. parva males and L. goodei females produce viable male 
and female F1 hybrids, whereas crosses between L. goodei males and L. parva females produce 
viable F1 hybrid females, but partially fertile F1 hybrid males. None of the reproductive isolating 
barriers are complete, and there is evidence for current gene flow between the two species (R. C. 
Fuller unpublished data; Hubbs, Walker et al. 1943).  Approximately 15% of L. goodei sites and 
17% of L. parva sites in Florida are sympatric (Fuller and Noa 2008).  This is a severe 
underestimate for L. parva as its range extends northward along the Atlantic coast to 
Massachusetts and westward along the Gulf Coast to Mexico; L. goodei is absent from these 
areas (Lee 1980).  Generally, allopatric L. goodei populations occur in the interior regions of 
Florida; allopatric L. parva populations occur along the coast; sympatric populations occur over 
large stretches where freshwater rivers meet the coast (Fuller and Noa 2008).  Rivers with high 
levels of dissolved ions also have many sympatric populations.  When sympatric, the two species 
likely compete because food preferences of both species are similar (Arndt 1971).  
 
We tested whether behavioral isolation is environment-dependent in relation to salinity.  Salinity 
can alter the signaling dynamics in chemical communication systems of many organisms by 
influencing chemical signal detection (Sola and Tongiorgi 1996; Herbert-Read, Logendran et al. 
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2010) and chemoreceptor properties (Gleeson, McDowell et al. 1996).  Salinity also affects 
multiple gene expression and hormone pathways that are likely to influence behavior (Sakamoto, 
Uchida et al. 2001; Kitano, Lema et al. 2010).  We measured several components of behavioral 
isolation (female species recognition, interspecific competition, and male species recognition) 
between L. goodei and L. parva and determined whether they varied with salinity. If behavioral 
isolation has been driven by adaptation to salinity (i.e., via an ecological mechanism), we predict 
that both species will exert their strongest preferences for conspecifics at their preferred salinity 
(freshwater for L. goodei, saltwater for L. parva).  
 
Methods 
Experimental Animals 
Adult L. parva were collected from Indian River Lagoon near Titusville (Brevard County, 
Florida) in June 2008 and January 2009. Indian River is a permanent saltwater site with salinities 
typically around 32 ppt. Adult L. goodei were collected from the Wakulla River at the Upper 
Bridge location (Wakulla County, Florida) in June 2008 and May 2010. This site is a freshwater 
river with a salinity of 0.2 ppt. All individuals were collected using dip nets and seines. Animals 
were transported back to the University of Illinois where they were housed by population in 38-
liter (10 gallon) and 110-liter (29 gallon) aquaria. Fish were housed in their native salinity. 
Lucania goodei were maintained at 0 ppt, and L. parva were maintained at 35 ppt.  In all 
experiments, our freshwater source was dechlorinated city water (water treated with Start Rite), 
and our saltwater source was reverse osmosis water from a 4 stage barracuda RO/DI unit (Aqua 
Engineering and Equipment, Winter Park, Florida) to which we added Instant Ocean® Sea Salt 
(Spectrum Brands, Atlanta, GA) to achieve the desired salinity. Salinity was verified with an 
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YSI-63 salinity meter (YSI Inc., Yellow Springs, OH). Fish were fed ad lib daily with frozen 
brine shrimp.  Lights were maintained on a 14L:10D cycle.   
 
Female Species Recognition Experiment 
In summer 2009, we performed no-choice mating trials using both conspecific and heterospecific 
crosses. “Cross” refers to the manner in which the two species were paired. We had four crosses: 
(1) L. goodei ♀ X L. goodei ♂, (2) L. goodei ♀ X L. parva ♂, (3) L. parva ♀ X L. goodei ♂, and 
(4) L. parva ♀ X L. parva ♂. Each cross was placed in either 0 or 15 ppt resulting in 8 
experimental treatments (4 cross types * 2 salinity conditions). We used 15 ppt as our saltwater 
treatment because it is above the isosmotic point (10 ppt) but still within the range of salinities 
that adult L. goodei can tolerate (Fuller 2008b; Kilby 1955). Pairs of fish were put in 38-liter 
aquaria (10 gallon) filled with the appropriate water treatment.   All fish for this and the 
proceeding experiments were acclimated to their salinity treatment for at least 24 hours.  
Previous research has shown that changes in osmoregulatory gene expression in a closely related 
species (Fundulus heterosclitus) occur within 24 hours of salinity change (Scott, Richards et al. 
2004; Scott, Rogers et al. 2004).  Additionally 'plunge tests' where fish were rapidly transferred 
between salinities found that L. parva and L. goodei can tolerate rapid alterations in salinity 
within the limits used in this paper (0-15 ppt) (Dunson and Travis 1991; R. Hale pers. obs). 
 
We originally performed four replicates of each treatment resulting in 32 pairs of fish. We refer 
to these fish as “female species recognition - set 1”. These tanks were set up in May 2009, and 
tanks were checked for eggs every day. Due to unforeseen circumstances, we stopped collecting 
data after 14 days. During the hiatus, pairs remained together. At the end of June 2009, we 
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resumed egg collection on “female species recognition - set 1” for another 41 days. We also set 
up an additional four replicates (32 pairs of fish) of each treatment which we refer to as “female 
species recognition - set 2” in late June 2009. We collected eggs from these tanks for 41 days.  
 
From these data, we measured the rate of egg production and latency to mate. Egg production 
was calculated as the number of eggs collected from pairs of fish divided by the time span that 
the tank was actively monitored for eggs. For these analyses, we pooled the “female species 
recognition - set 1” and “female species recognition - set 2” trials resulting in 64 total pairs of 
fish. We also measured latency to mate as the number of days until eggs were first observed for 
the “female species recognition – set 2” trials. We excluded the “female species recognition set 
1” from this data set due to the interruption in egg collection. If no eggs were present at the end 
of the 41-day experiment, then we conservatively assigned the trial a latency of 41 days.  
Females that did not lay any eggs during the experiment were included in both the latency to 
mate analyses and the egg production analyses as this lack of egg production likely reflects 
female mating preferences.  Females were randomly assigned to treatments.  Hence, variation in 
female breeding condition should not cause spurious treatment differences.   
 
Statistical Analysis 
These data were analyzed using generalized linear models in Proc Genmod in SAS V. 9.2 (SAS 
institutes, Cary, NC). Both dependent variables had a truncated exponential distribution 
necessitating the use of the gamma distribution with a log link function. Analyses assuming a 
normal distribution produced qualitatively similar results. The model included the fixed effects 
of male species (L. parva, L. goodei), female species (L. parva, L. goodei), salinity (0ppt, 15ppt), 
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and their interactions. Simple behavioral isolation predicts a significant interaction between male 
species and female species where egg production is high and latency to mate is low in 
conspecific crosses relative to heterospecific crosses. Environment-dependent behavioral 
isolation predicts a significant interaction between salinity, male species, and female species. All 
graphs shows means + standard errors. 
 
Male Competition and Species Recognition Experiment 
We measured conspecific and heterospecific male competition as well as male species 
recognition. We established three male pair treatments: conspecific L. goodei (two L. goodei ♂), 
conspecific L. parva (two L. parva ♂), and a heterospecific pair (one L. goodei ♂ and one L. 
parva ♂). These pairs were placed in either fresh (0ppt) or salt (15 ppt) water and observed over 
two days where they were exposed to a female L. goodei on one day and a female L. parva on 
the other.  The order of female presentation was randomized. Because we were particularly 
interested in competition between males of the two species, we conducted twice as many 
heterospecific male pairs as we did of the conspecific pairs for each species. Each pair of males 
was tested with females of both species but was tested only in a single salinity.  
 
Behavioral trials were conducted in 38-liter aquaria (10 gallon). Fish were allowed to acclimate 
to these salinities at least 24 hours before testing. Each trial was videotaped for 30 minutes using 
a Canon HG10 camcorder (Canon Inc., Tokyo, Japan). The next day the procedure was repeated 
using a female of the alternate species. Some females were used in multiple trials (up to four 
trials for a single female in a single day). We noted whether or not females spawned. If a female 
failed to spawn in any of the trials, she was deemed unreceptive and not gravid and those 
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observations were removed from the data set. Aquaria were drained and refilled between male 
pairs to remove any chemical cues. Males were re-used in the experiment but specific male pairs 
were never repeated. These experiments were performed in spring/summer of 2008, 2009, and 
2010. 
  
We planned to perform 10 replicates per salinity. However, due to difficulties in getting the 
females to spawn, we only ended up with 8.5 replicates in freshwater (8 full replicates and one 
trial where the L. goodei female spawned but the subsequent L. parva female did not). We had 
10 full replicates for the saltwater treatment. Thus we ended up with 148 trials (saltwater trials = 
10 replicates * 2 female species* 4 male pairs = 80 trials; freshwater trials = 8.5 replicates * 2 
female species* 4 male pairs = 68).  We removed several trials where the camera had stopped 
recording before reaching 30 minutes (n = 5). We also removed several trials where the fish did 
not interact with each other in any way (n = 8). Overall, we removed 13 trials leaving us with 
135 trials. After exclusions, there were 66 heterospecific trials and 69 conspecific trials (36 
conspecific L goodei trials and 33 conspecific L. parva trials). 
 
All videotapes were scored by E.B. using an event-recording program (JWatcher, 
http://www.jwatcher.ucla.edu/). We recorded male-male aggressive interactions (chasing, fin 
flares, sigmoid displays, and circle fights), courtship behaviors (head flicks and circle swims), 
and spawns (Foster 1967; McGhee, Fuller et al. 2007; McGhee and Travis 2010).  From these 
data, we calculated the total number of aggressive behaviors (chasing + fin flares + sigmoid 
displays + circle fights) and the total number of courtship behaviors (head flicks + circle swims).  
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Statistical Analysis 
We performed three separate analyses for (1) behavior in conspecific trials, (2) behavior in 
heterospecific trials, and (3) a combined analysis of conspecific and heterospecific behavior. For 
conspecific trials, we analyzed the sum total of all behavioral counts (i.e., total courtship and 
total aggression) between the two males in each trial. In the heterospecific trials, we could easily 
distinguish the two males, and we measured the amount of aggression, courtship, and spawning 
performed by each male in each trial.  To compare the conspecific and heterospecific treatments, 
we analyzed the sum total of all behavioral counts for each trial. 
 
Aggression analysis  
For conspecific male pairs, we analyzed the effects of male pair (conspecific L. goodei or 
conspecific L. parva), species identity of the female, salinity, and their interactions on total 
counts of aggression using a generalized linear model assuming a negative binomial error 
distribution with a log link function. The negative binomial model is appropriate for count data 
(Zuur 2009). A type 3 analysis was used to determine the significance of model terms. Similarly, 
we compared total counts of aggression among all three male pairs (conspecific L. goodei, 
conspecific L. parva, and heterospecific) using male pair, female species, salinity, and their 
interactions as fixed effects in our model assuming a negative binomial error distribution (see 
above).  
 
For individual counts of aggression in heterospecific trials, we analyzed the effects of male 
species, female species, salinity, and their interactions on the amount of aggression displayed by 
males of each species using a repeated measures analysis.  We used a repeated measures analysis 
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because males who were attacked tended to counterattack. The covariance between males within 
a male pair was controlled using trial as a repeated factor in the analysis. Because this was also 
count data, we again used a generalized linear model that assumed a negative binomial 
distribution using SAS Proc Genmod. We specified “trial” as the repeated factor and analyzed 
the significance of our treatment effects using a type 3 analysis.  
 
Courtship Analysis 
The courtship data for both contexts was heavily weighted with zeros. To analyze these data, we 
used a hurdle model with a negative binomial distribution in R (Zuur 2009). In this analysis, a 
binomial model with a logit link function is used to measure the probability of getting a zero, and 
a count process is used to model the non-zero values (Zuur 2009). The non-zero values are then 
modeled using a truncated negative binomial distribution with a log link. We initially used a 
binomial model that included male pair, female species, salinity, and their interactions.  
However, using AIC criteria, we found that dropping salinity and its interactions from the model 
improved model fit.   The results from the full model were qualitatively identical to the model 
that excluded salinity and its interactions.  The final binomial model for our conspecific data 
contained the following fixed effects as predictors of zeros: male pair, female species, and the 
interaction between the two.  For the count process, male pair, female species, salinity, and their 
interactions were modeled as fixed effects. For the count model of courtship in conspecific pairs, 
the non-significant three-way interaction (male*female*salinity) had to be removed in order for 
the model to converge.  
 
 38 
Similar models were used for the heterospecific data except that male species was used in place 
of male pair.  As with the conspecific data, the binomial model had male species, female species, 
and their interactions as predictors of zeros.  Including salinity in the binomial model did not 
alter the qualitative results, but decreased model fit.  The count model used male species, female 
species, salinity, and all the interactions as main effects.    
 
Finally, we examined the effects of year and time in all our models. They were not statistically 
significant and had no appreciable effects on our analyses, so we removed them.  
 
Strength of Behavioral isolation 
We calculated total behavioral isolation using the IPSI statistic (for equations see Rolan-Alvarez 
and Caballero 2000).  IPSI has been shown to be one of the most unbiased statistics for measuring 
behavioral isolation especially when small sample sizes are used (Perez-Figueroa, Caballero et 
al. 2005).  We used JMATING software (Carvajal-Rodriguez and Rolan-Alvarez 2006) and 
10,000 rounds of bootstrap resampling to estimate the mean and standard deviation of behavioral 
isolation. The IPSI statistic ranges from -1 (full disassortative mating) to 0 (random mating) to 1 
(full assortative mating).  The program considers the number of potential matings between males 
and females of each species in comparison to the realized number of matings. We used the data 
from our male competition data.  For conspecific trials (where two conspecific males were 
placed in an aquarium with either a conspecific or heterospecific female), we considered there to 
be one potential mating opportunity because it was impossible to distinguish between the two 
males. For the heterospecific aggression trials (where one L. parva and one L. goodei male were 
placed with either a L. parva or a L. goodei female), we considered there to be two potential 
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mating opportunities:  the female could mate with either a conspecific or a heterospecific male.  
We calculated IPSI three times: once including solely trials conducted in freshwater, once 
including solely trials conducted in saltwater, and once including all trials regardless of salinity. 
We used a G-test of independence to determine if the IPSI values for freshwater and saltwater 
were significantly different (Sokal and Rohlf 1981). The G-test was conducted using the same 
tables of realized mating opportunities used to estimate IPSI. 
 
Comparison of different reproductive isolating barriers 
We quantified several reproductive isolating barriers using stage-specific indices of reproductive 
isolation. These indices vary from -1 to 0 to 1 with zero representing no barrier to gene flow and 
one representing a complete barrier. We then calculated the strength and absolute contribution of 
each reproductive isolating barrier to overall reproductive isolation (Ramsey, Bradshaw et al. 
2003).   
 
We calculated stage-specific indices from geographic, behavioral, and intrinsic isolation. We 
calculated behavioral isolation using the IPSI statistic.  Geographic isolation was calculated as 1-
(# of sympatric sites/ # of sympatric sites + # of allopatric L. goodei sites + # of allopatric L. 
parva sites) (Kay 2006).  We used data from Fuller and Noa (2008) for this calculation.  This 
paper examines geographic distributions of the two species in Florida.   Thus we are only 
calculating geographic isolation for Florida (the only place the species co-occur) and are most 
likely underestimating geographic isolation for L. parva as it has a much wider geographic range 
where it is allopatric to L. goodei.   
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We calculated a preliminary overall measure of intrinsic reproductive isolation based on data 
presented in Fuller et al. (2007), Fuller (2008a), and previously unpublished data.  We consider 
these to be preliminary estimates because intrinsic isolation is asymmetric between the two 
species and varies with salinity.  Ultimately, this requires separate estimates of reproductive 
isolation for each species at each stage in both fresh and salt water.   Here, we calculated overall 
intrinsic isolation in salinities ≤ 8 ppt based on (a) survival of F1 offspring from egg to the larval 
feeding stage, (b) survival of F1 offspring from juvenile to adulthood, (c) mating success of F1 
individuals when mated to one another and when back-crossed to L. goodei and L. parva, and (d) 
survival of back-cross and F2 offspring.  Because our intrinsic isolation barriers are sequential, 
we used the technique employed by Ramsey et. al. (2003) to estimate the strength and absolute 
contributions of each.  We assumed that the barriers fall in the following order: F1 hybrid 
survival to feeding, F1 hybrid survival to adulthood, F1 hybrid mating success, back-cross and F2 
offspring survival.   
 
We used data from Fuller et al. (2007) and Fuller (2008a) to calculate reproductive isolation due 
to reduced fitness of F1 offspring from egg to the larval feeding stage.   Reproductive isolation 
due to F1 larval survival was calculated as 1-(SHET/SCON).  Here, SHET is the survival to the 
eating stage of the offspring from the heterospecific crosses and SCON and is the survival to the 
eating stage of the offspring from conspecific crosses.  All crosses were performed at the same 
time and in the same conditions (2 ppt) to minimize environmental effects on survival (see Fuller 
(2008a) for complete details). 
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To calculate reproductive isolation due to reduced fitness of F1 offspring from the juvenile stage 
to adulthood we used data from Fuller (2008a).   F1 survival to adulthood was calculated as as 1-
(SHET/SCON).  Here, SHET is survival to adulthood of offspring from heterospecific crosses and 
SCON and is survival to adulthood of the offspring from conspecific crosses.  All individuals were 
raised to adulthood at 2 ppt. 
 
We used previously unpublished data to measure the mating success of F1 individuals.  Briefly, 
F1 hybrids were crossed with other F1 hybrids, L. goodei, and L. parva in spawning tanks at 2 
ppt salinity.  We collected eggs once every three days for 40 days and took egg production as a 
measure of behavioral isolation.  Other details on animal husbandry can be found in Fuller 
(2008a).  We measured reproductive isolation due to decreased mating success of F1 hybrids as 
1-(EF1 /ECON).  Here EF1 is the average number of eggs produced by crosses involving an F1 
individual and ECON is the average number of eggs produced by conspecific crosses. 
 
We measured reproductive isolation due to decreased fitness of back-cross and F2 hybrids using 
the data from Fuller (2008a).  We considered the survival data for animals in salinities ≤ 8 ppt.  
We did this to be consistent across our intrinsic isolation barriers as all other barriers were 
calculated at salinities less than 8 ppt.  Reproductive isolation due to decreased survival of back-
cross and F2 hybrids was calculated as 1-(SF1/SCON).  Here SF1 is the survival of offspring from 
crosses with at least one F1 parent and SCON is survival of offspring from conspecific crosses 
 
We used the strength of each reproductive barrier to estimate the cumulative reproductive 
isolation that has evolved in this system. Following equations (1–6) in Ramsey et al. (2003), the 
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absolute contribution of each reproductive barrier was calculated, taking into account the timing 
of its contribution in the life cycle.  Barriers that occur earlier in the life cycle make a larger 
contribution to total reproductive isolation.  Conversely, barriers occurring later in the life cycle 
make a small contribution to total reproductive isolation simply because there is less potential 
hybridization/introgression for them to prevent.  We assumed that our barriers fall in the 
following order: geographic isolation, behavioral isolation, intrinsic isolation. 
 
Results 
Female Species Recognition 
Both indices of female species recognition (egg production and latency to mate) showed strong 
and symmetrical behavioral isolation (Figures 3.1A and 3.1B, Table 3.1). Females of both 
species produced significantly more eggs (and had a lower latency to mate) with conspecific 
males than with heterospecific males.  The interaction between male species and female species 
was highly significant for both indices. The fact that the male species*female species*salinity 
term was non-significant for both indices indicates that the strength of behavioral isolation was 
not influenced by the external salinity. 
 
Salinity and an interaction between female species and salinity affected both latency to mate and 
egg production (Table 3.1). These effects were driven by the fact that L. goodei females 
produced fewer eggs (and had a greater latency to mate) in salt water than in fresh water (Figure 
3.1A and 3.1B). In contrast, L. parva females produced similar amounts of eggs (and had a 
similar latency to mate) in both salinity treatments. .  Egg production of conspecific pairs at 0 ppt 
was within the normal range for these species (Arndt 1971; E.L.Berdan pers. obs.).  There were 
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also significant main effects of both male species and salinity on egg production. Male L. parva 
induced females to lay more eggs overall than L. goodei males.  
 
Male-Male aggression  
Male conspecific aggression was affected by the interaction between male species and female 
species. The pattern generally supported the idea of behavioral isolation where males compete 
more intensely for females of their own species. Rates of aggression in the conspecific male pairs 
differed between species and were influenced by the species of the female and the salinity 
(Figure 3.2A, Table 3.2). Overall, L. parva males were more aggressive with each other than 
were L. goodei males. Lucania parva males were 1.7 times more aggressive in the presence of L. 
parva females than in the presence of L. goodei females, but the result did not reach statistical 
significance (  = 2.88, P = 0.0899, see Table 3.7). In contrast, L. goodei were 6.2 times more 
aggressive in the presence of L. goodei females than in the presence of L. parva females, and the 
result was highly significant (  = 22.09, P = 0.0001). Salinity also had different effects on 
aggression in the two species where L. parva was more aggressive in 15 ppt than in 0 ppt (  = 
3.9, P = 0.0484), and L. goodei was more aggressive in 0 ppt than in 15 ppt (  = 3.97, P = 
0.0462).  
 
In heterospecific interactions, males of both species were more aggressive in the presence of 
conspecific females. Figure 3.2B shows the average level of aggression for each species in each 
salinity and in the presence of each type of female. Overall aggression in L. parva males was 
higher in the presence of conspecifics.  Lucania parva males also dominated over L. goodei 
males in the presence of L. parva females (see also Figure 3.3, Table 3.3). The pattern was more 
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complex with L. goodei. Figure 3.2B shows that overall male L. goodei displayed more 
aggression in the presence of L. parva females in 0 ppt. However, an examination of the 
differences in aggression (i.e., which male was more aggressive; Figure 3.3) shows that L. 
goodei males were more likely to dominate L. parva males in the presence of L. goodei females. 
The heightened aggression of L. goodei in the presence of L. parva females (Figure 3.2B) is most 
likely a response to the high levels of aggression from L. parva males when L. parva females are 
present (i.e., fish that are attacked tend to counterattack).  Figure 3.3 also shows little effect of 
salinity on the outcome of heterospecific aggression.  
 
When comparing all three types of male pairs (conspecific L. parva, conspecific L. goodei, and 
heterospecific), conspecific L. parva male pairs had the highest total levels of aggression, 
conspecific L. goodei male pairs were intermediate, and heterospecific pairs had the lowest 
levels of aggression (Figure 3.4, Table 3.8, Male Pair:  = 14.37, P = 0.0008). Again, 
aggression was highest in conspecific male pairs tested with conspecific females (Figure 3.4, 
Table 3.8, Male Pair * Female Species:  = 30.75, P = 0.0001). While aggression tended to 
vary as a function of male pair and salinity (  = 5.74, P = 0.0566), there was no significant 
interaction between male pair, female, and salinity (  =1.02, P = 0.6).  
 
Courtship 
Lucania goodei males actively courted L. goodei females but did not court L. parva females 
(Figures 3.5A and 3.5B, Tables 3.4 and 3.5). In contrast, L. parva males courted both types of 
females. Patterns of courtship were identical in both the conspecific and the heterospecific 
context. Although salinity and its interactions were not significant for any courtship data set, 
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graphical examination of the data suggested that L. parva males may be more discriminating 
between females at 15 ppt than at 0 ppt. To test this, we conducted a post-hoc two-tailed t-test. In 
the conspecific context, L. parva males were more likely to discriminate between the two species 
at 15 ppt (post-hoc two-tailed t-test assuming unequal variances: 0 ppt - T = 0.671, df = 13, P = 
0.514; 15 ppt - T = 2.66, df = 10, P = 0.024). The same was true in the heterospecific context 
(post-hoc two-tailed t-test assuming unequal variances: 0 ppt – T = 1.56, df = 21, P = 0.133, 15 
ppt – T = 3.62, df = 25, P = 0.001).  However, analyses restricted solely to L. parva found no 
statistically significant interaction between female and salinity (salinity*female interaction 
heterospecific data;  = 0.63, P = 0.426, salinity*female interaction conspecific data;  = 
1.54 P = 0.215).  A power analysis on the heterospecific data indicated that sample sizes would 
need to be increased four-fold (more than 250 trials and 500 males) to detect a significant male 
species*female species*salinity interaction. For the conspecific data, increasing sample sizes 
twenty-fold (more than 1300 male pairs) would still not result in sufficient power to detect a 
significant male species*female species*salinity interaction. 
 
Strength of Reproductive Isolation 
Behavioral isolation (IPSI) was high. In fresh water, IPSI (± one standard deviation) was 0.87 ± 
0.14.  In saltwater, IPSI was 0.93 ± 0.07. Across both salinities, IPSI was 0.91 ± 0.07.  Estimates 
of behavioral isolation were not significantly different between freshwater and saltwater (G = 
0.325, df = 3, P = 0.955).  Sympatric populations may occur in fresh or brackish water so we 
used our final IPSI value (encompassing both salinities) to estimate behavioral isolation for the 
Ramsey (2003) calculations.  
 
 46 
Geographic isolation was also high.  In Florida, geographic isolation was 0.91.  Overall intrinsic 
isolation was substantial (0.66), although it was lower than both behavioral and geographic 
isolation. Reduced hybrid mating success and reduced fitness of back-cross and F2 offspring 
made the largest contributions to intrinsic isolation (F1 larval survival = 0.06, F1 survival to 
adulthood = -0.07, F1 mating success = 0.38, F1 offspring survival = 0.28 (see Table 3.9). The 
total strength of reproductive isolating barriers is 0.997 (Table 3.6). 
 
Discussion 
Our study demonstrated that (1) behavioral isolation and overall reproductive isolation are strong 
in this system, (2) male species recognition strongly contributes to behavioral isolation, (3) male 
species recognition is very asymmetrical, and (4) behavioral isolation did not vary with salinity. 
These results suggest that adaptation to salinity is not directly related to the development of 
behavioral isolation in this system. Instead our results suggest that male preference for 
conspecific females may have evolved in part via reinforcement due to the low fitness of hybrids 
produced by L. goodei males and L. parva females.   
 
Salinity, adaptation, and reproductive isolation 
Reproductive isolation between L. goodei and L. parva is nearly complete (Total RI = 0.997). 
Behavioral isolation is very high in Lucania (0.91). To compare the level of behavioral isolation 
in Lucania to other systems, we conducted a literature survey of other recently published IPSI 
values (Table 3.10).  When compared with other IPSI values, behavioral isolation in Lucania was 
stronger than 87% of other recently published between species comparisons (see Table 3.10).  In 
Lucania, behavioral isolation is ~ 1.5X stronger than intrinsic isolation (Table 3.6). Hence, this 
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study joins the many others showing that behavioral isolation is higher than post-zygotic 
isolation between closely related species (Mendelson 2003; Stelkens, Young et al. 2010).  
However, we also note that post-zygotic isolation is substantial in Lucania and that intrinsic 
isolation mostly resulted from decreased F1 hybrid mating success and reduced back-cross and 
F2 hybrid survival.  Studies that only consider intrinsic isolation in the early developmental 
stages of F1 offspring frequently find low estimates of intrinsic isolation (Wiley, Qvarnstrom et 
al. 2009).  Of course, we cannot determine the order in which these isolating barriers arose and 
which contributed most heavily to the initial stages of divergence.   
 
We used wild-caught animals for this experiment and, thus, cannot determine whether behavioral 
isolation is due to genetic effects or due to environmental effects such as learning. In the 
speciation literature, learning has usually been discussed as an alternative hypothesis to 
reinforcement for explaining heightened behavioral isolation in sympatry.  Under this scenario, 
animals in sympatry learn to avoid mating with heterospecifics.  In the current study, we used 
animals from allopatric populations that had no opportunity to learn to discriminate between the 
two species. Alternatively, learning could still influence the results of this study if individuals 
learn to prefer similar killifish that they encounter in their populations.  Under this alternative 
scenario, learning leads to lower behavioral isolation in sympatry where fish develop while 
experiencing heterospecific Lucania.  There is no evidence for this in our system.  Fuller et al. 
(2007) found no difference in behavioral isolation between allopatric and sympatric L. goodei/L. 
parva population pairs even though fish from sympatric populations had experienced 
heterospecifics and were housed with heterospecifics.  Additionally, a recent study using 'highly 
allopatric' populations (e.g. fish must swim > 160 km to encounter heterospecific Lucania) found 
 48 
that behavioral isolation is lower in extremely allopatric species pairs than in sympatric species 
pairs (which is consistent with reinforcement, see discussion below, see chapter 4).  Although we 
cannot fully exclude learning, it is unlikely to play a large role in behavioral isolation.   
 
Salinity affected both male and female behaviors but had no appreciable effects on behavioral 
isolation. Lucania goodei females spawned fewer eggs and had a higher latency to mate at 15 ppt 
than at 0 ppt regardless of the species identity of the male. Both L. goodei and L. parva males 
were more likely to engage in conspecific aggression when placed in the salinity most similar to 
the site from where they were collected (0 ppt for L. goodei, 15 ppt for L. parva). Previous work 
in Lucania indicates local adaptation where L. goodei has higher survival in fresh water than L. 
parva and vice versa in salt water (Fuller, McGhee et al. 2007; Fuller 2008; Kozak, Rudolph et 
al. 2012). Our current study extends the effects of salinity to female fecundity and behavior. 
Osmoregulation is critical for organism homeostasis and being placed at a non-optimal salinity is 
costly (Grizzle and Altinok 2003) particularly for L. goodei.  
 
Although salinity affected multiple behaviors, these did not affect behavioral isolation. 
Environment-dependent behavioral isolation should have resulted in three-way interactions 
between male species, female species, and salinity for variables directly relevant to behavioral 
isolation. We tested three way interactions for the egg production, latency to mate, and male 
courtship measures.  We also examined male courtship for each species singly and found no 
interaction between salinity and female species for either L. goodei or L. parva courtship levels 
(in both the conspecific and heterospecific contexts). These results suggest that salinity has little 
effect on behavioral isolation.  The one exception was that Lucania parva males tended to 
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discriminate more between conspecific and heterospecific females at 15 ppt than at 0 ppt. 
Whether this is due to salinity altering signaling dynamics is unclear. However, this result should 
be interpreted with caution.  T-tests showed statistically significant difference in male L. parva 
courtship at 15 ppt but not at 0 ppt in both the conspecific and heterospecific assays.  Again, the 
interaction term in our model (male species*female species*salinity) was non-significant.  A 
power analysis indicated that a very large sample size was needed to detect this interaction.  
Thus even if this trend is real, it is weak and unlikely to be biologically significant.  
 
There are a number of ways for ecological selection to drive behavioral isolation that do not 
result in environment dependent behavioral isolation. Under a good genes for ecologically 
relevant traits model, the expression of female preferences may rely on male traits that are 
plastic.  The expression of traits and preferences would then be sensitive to the salinity 
experienced in early development in which case our experiment would be unable to detect 
environmental dependent behavioral isolation because we used wild-caught animals.  While this 
scenario is possible, we think it unlikely.  Fuller has raised both species at a common salinity (2 
ppt) and found robust behavioral isolation. We have also measured preferences of L. parva from 
both freshwater and saltwater populations and found robust behavioral isolation in both cases 
(Fuller, McGhee et al. 2007).  However, different environmental conditions may also result in 
genetic differentiation of traits and preferences that are not plastic in expression (Merrill, Van 
Schooten et al. 2011).  This would make it impossible to pick up the signature of good genes for 
ecologically relevant traits with this experiment.  Another possibility is that ecological selection 
has occurred as a function of another environmental variable.  Obviously, we cannot definitively 
rule out the possibility that behavioral isolation is driven by ecological selection. However, our 
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study provides little evidence for the hypothesis that behavioral isolation was driven by 
differential adaptation to salinity via a sensory drive model.  If behavioral isolation has evolved 
from a non-ecological mechanism, then another mechanism must be instrumental in bringing the 
genes involved in adaptation and reproductive isolation into linkage disequilibrium.  
 
Asymmetrical male species recognition 
We found robust male species recognition that was strongly asymmetrical. Lucania parva males 
preferred conspecific females, but readily courted L. goodei females. However, L. goodei males 
failed to court L. parva females. The direction of this asymmetry in male species recognition is 
concordant with (i.e., it matches) the direction of an asymmetry in post-zygotic isolation (Fuller 
2008).  Hybrid males produced from crosses between an L. goodei male and an L. parva female 
have greatly decreased fertility compared to males of the reverse hybrid cross (L. parva ♂x L. 
goodei ♀) as well as males of the two parental species (Fuller, McGhee et al. 2007; Fuller 2008). 
Reinforcement may have created this pattern due to asymmetrical intrinsic isolation. 
 
The evolution of behavioral isolation via reinforcement is a non-ecological mechanism.  Of 
course, the intrinsic isolation driving this process may have arisen due to divergent, ecological 
selection as a function of different environmental conditions.  While extrinsic postzygotic 
isolation is present in Lucania, it cannot account for the asymmetry in behavioral isolation.  The 
survival of both F1 crosses is very high and is robust to external salinity.  Hybrids carrying a 
large proportion of the L. goodei genome suffer reduced fitness in saltwater, but this does not 
predict the asymmetry shown here.   
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Reinforcement can only occur when there is gene flow and hybridization between two 
species/populations.  Thus allopatric populations such as ours should lack the signature of 
reinforcement.  We chose these allopatric populations for this study because we wanted to 
examine populations that were adapted to very different environmental conditions. While neither 
of our source populations is sympatric, reinforcement may be occurring in our allopatric 
populations in several ways. First, both populations may be undergoing reinforcement caused by 
the occasional immigration of migrants from close, heterospecific populations (see Fuller and 
Noa 2008 for a map showing heterospecific populations within 4 km). Low levels of migration 
have been shown to increase the chances of reinforcement (Felsenstein 1981; Kelly and Noor 
1996; Servedio and Kirkpatrick 1997).  Alternatively, reinforcement could be occurring only in 
sympatric sites with alleles for species recognition spreading to nearby allopatric sites (Walker 
1974; Hoskin, Higgie et al. 2005).  A final possibility is that our allopatric populations were 
colonized by fish from sympatric populations as sea-levels retreated during the Quaternary 
(Burgess and Franz 1978).  
 
Demonstrating reinforcement is a challenging task and requires that (1) hybridization and gene 
flow occur in sympatric populations, (2) hybrids have reduced fitness, (3) pre-zygotic isolation is 
increased in areas of sympatry, (4) variation in preference is heritable, and (5) displacement has 
not occurred for other reasons such as ecological gradients (see Coyne and Orr 2004; Howard 
1993; Servedio and Noor 2003). The biology of L. goodei and L. parva meets many of these 
requirements.  Heterospecific matings (and gene flow) occur in natural populations (R.C. Fuller 
unpublished data; Hubbs et al. 1943). Hybrids have decreased fitness (Fuller 2008). Female 
mating preferences for conspecifics are heritable (R.C. Fuller unpublished data), although 
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whether the same is true for males is unknown.  The critical issue is whether pre-zygotic 
isolation is heightened in areas of sympatry.  We are currently performing experiments to test 
this and are conducting genetic crosses to further examine the genetic basis of species 
recognition by both males and females. Preliminary evidence suggests that 'highly allopatric' 
population pairs where fish must swim over a hundred kilometers to experience a heterospecific 
have lower levels of behavioral isolation than sympatric populations or allopatric populations 
that are in close proximity to sympatric populations.   
 
Species Recognition in the Lucania system 
Our study demonstrated high levels of male mating preference for conspecific females that 
contribute to behavioral isolation.  Traditionally females are assumed to be the “choosy sex,” and 
most work on reinforcement and sexual selection focuses on female choice/species recognition 
(Andersson 1994; Ord and Stamps 2009). However, there is a growing literature documenting 
male choice (Engqvist and Sauer 2001; Wedell, Gage et al. 2002; Wong and Jennions 2003; 
Byrne and Rice 2006) as well as reinforcement of male mating preferences (Peterson, Honchak 
et al. 2005; Servedio 2007; Svensson, Karlsson et al. 2007). A recent meta-analysis showed that 
male discrimination of heterospecifics (rather than female discrimination) was more common in 
closely related species than in more distantly related species (Ord, King et al. 2011).  A cost to 
male courtship/mating (e.g., sperm/ejaculate costs, exposure to predators, time lost) is often 
needed for male mate choice/species recognition to evolve (Kokko and Johnstone 2002; Byrne 
and Rice 2006).   Although, male species recognition has most likely evolved via reinforcement, 
it is unclear how mating with heterospecifics reduces male fitness.  Lucania males guard 
breeding territories but provide little (if any) care to the offspring.  This suggests that mating 
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with heterospecifics either entails other costs such as lost mating opportunities with conspecifics 
or sperm depletion that affects fertilization success.   
 
Finally, our two experiments gave different pictures of behavioral isolation. The female species 
recognition experiment showed that behavioral isolation was both symmetrical and robust to 
environmental changes. In contrast, the male competition experiment indicated that behavioral 
isolation was strongly asymmetric with L. goodei males refusing to court L. parva females. The 
differing results of our two experiments are most likely due to two factors: time frame and 
experimental set-up. Our female species recognition experiment consisted of a no-choice test that 
ran for 41 days. In contrast, individual trials in our male competition experiment lasted for 30 
minutes. No-choice mating assays are conservative measures of behavioral isolation because 
individuals are forced to choose whether or not to mate (Houde 1997; Coyne and Orr 2004).  In 
nature, male/female interactions are usually brief, and other potential mates are in close 
proximity (Arndt 1971; Fuller 2001). Hence, the male competition experiment, with its 30-
minute observation period, may give a more accurate picture of behavioral isolation. 
Additionally, our male competition experiment included direct observation of the fish that led to 
the discovery that male species recognition is an important component of behavioral isolation in 
this system.  
 
Conclusions 
We found high levels of behavioral isolation between L. goodei and L. parva, but behavioral 
isolation did not vary appreciably with salinity.  Male species recognition (i.e. the choice of 
whether or not to court a female) played a large role in behavioral isolation and was asymmetric.  
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Lucania goodei males did not court L. parva females, but L. parva males did court L. goodei 
females.  This asymmetric behavioral isolation mirrors the pattern of intrinsic post-zygotic 
isolation observed by Fuller (2008) who found lower fitness of offspring from hybrid crosses 
between male L. goodei and female L. parva than in the reciprocal hybrid cross.  Hence, 
asymmetric post-zygotic isolation may have resulted in asymmetric behavioral isolation due to 
reinforcement.  
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CHAPTER 4: REINFORCEMENT OF MALE MATE 
PREFERENCES IN SYMPATRIC KILLIFISH SPECIES 
 
 
Abstract 
Reinforcement occurs when reduced hybrid fitness leads to the evolution of stronger prezygotic 
isolation.  Populations sympatric with closely related species, where hybridization occurs, are 
predicted to have stronger mate preferences than allopatric populations.  Reinforcement of male 
mate preference is thought to be rarer than reinforcement of female preference, but this inference 
may be biased by a lack of studies on male preference.  We tested male mate preferences from 
sympatric and allopatric populations of two closely related species of killifish: Lucania goodei 
and L. parva.  We found that sympatric males had greater preferences for conspecific females 
than allopatric males.  Furthermore, conspecific preferences in allopatric populations were 
weakest when these populations were geographically distant (>50 km) from those of 
heterospecifics.  Our data suggest that reinforcement has contributed to male conspecific 
preference and speciation in Lucania.    
 
Introduction 
Prezygotic isolation between species is often stronger in sympatric populations than in allopatric 
populations (Dobzhansky 1937).  This pattern is typically attributed to reinforcement, the process 
by which natural selection strengthens behavioral isolation due to fitness reductions caused by 
hybrid matings (Servedio and Noor 2003).  This can happen via selection for stronger 
conspecific mate preference or selection for more distinct mating traits so identification of 
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conspecifics is easier (Trickett and Butlin 1994; Saetre, Moum et al. 1997).  Originally proposed 
as a potentially important mechanism of speciation by Dobzhansky (1937), support for 
reinforcement has varied greatly over the years (Coyne and Orr 1989; Noor 1995).  Theoretical 
and empirical work now uphold the idea that reinforcement can play a substantial role during 
divergence with gene flow (Butlin 1989; Kirkpatrick and Servedio 1999; Noor 1999; Kirkpatrick 
2001; Servedio and Noor 2003; Ortiz-Barrientos, Grealy et al. 2009).  As the existence of 
reinforcement has been well established, its frequency and importance to speciation need to be 
determined.  Theoretically, reinforcement can occur via male or female mate preferences and 
even when reductions in hybrid fitness are small (Kirkpatrick and Servedio 1999; Kirkpatrick 
2001; Svensson, Karlsson et al. 2007).  However, most empirical studies of reinforcement have 
focused on the evolution of female preferences for male traits, ignoring the contribution of male 
mate preferences.  
 
Male mate preferences often involve choosing which females to court (Edward and Chapman 
2011).  Male mate choice may evolve if there is variation in the quality of females and the 
benefit of mating with specific females is greater than the cost necessary to acquire them 
(Servedio and Lande 2006; Edward and Chapman 2011).  Similarly, male preferences for 
conspecific females can also evolve via reinforcement due to the costs associated with mating 
with heterospecifics (Servedio 2007).  Current evidence for reinforcement of male mate 
preference comes primarily from insects, such as damselflies, butterflies, and beetles (Waage 
1979; Peterson, Honchak et al. 2005; Kronforst, Young et al. 2007; Svensson, Karlsson et al. 
2007).   However, in some bird and fish species there is also evidence that males preferentially 
court conspecific females in sympatric populations (Ratcliffe 1983; Gabor and Ryan 2001; 
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Albert and Schluter 2004).  Reinforcement of male mate preference may occur in other systems 
as well, but has simply not been studied. 
 
In our study, we test for reinforcement of male mate preferences in two killifish species: Lucania 
goodei and L. parva.  Lucania goodei is a freshwater specialist, primarily found in Florida, while 
L. parva is a euryhaline species and can be found in fresh, brackish, and marine habitats as far 
north as Massachusetts and as far west as central Mexico (Lee 1980).  In Florida, the ranges of 
these two species overlap and a recent survey of Florida populations found that 15% of L. goodei 
and 17% of L. parva populations are sympatric; most of these sympatric sites occur in fresh 
water (Fuller and Noa 2008).  Hybridization likely occurs at sympatric sites since morphological 
hybrids have been found in the field (Hubbs, Walker et al. 1943) and mtDNA haplotypes are 
shared between L. goodei and L. parva within sympatric drainages, indicating some introgression 
(R.C. Fuller unpublished data).  However, microsatellite and SNP data support genetic 
distinction between the species (R.C. Fuller unpublished data).  Gene flow between species is 
minimized by both pre- and postzygotic isolation.  Heterospecific pairs take longer to mate and 
produce fewer eggs than conspecific pairs (Fuller et al. 2007; Berdan and Fuller 2012).  
Postzygotic isolation is also present; F2 hybrid offspring have reduced viability and some F1 
hybrid males have reduced fertility (Fuller 2008).  Hybrid males produced from crosses between 
an L. goodei male and an L. parva female have greatly decreased fertility compared to males of 
the reverse hybrid cross (L. parva ♂ x L. goodei ♀) as well as males of the two parental species 
(Fuller, McGhee et al. 2007; Fuller 2008). The total strength of reproductive isolating barriers 
between the two species is estimated to be 0.997 (on a scale from 0 to 1 using the total isolation 
index from Ramsey et al. (2003): Berdan and Fuller 2012).   
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The reductions in hybrid fitness observed between L. goodei and L. parva suggest that there is 
potential for reinforcement.  Previous work has found no significant difference in latency to mate 
when heterospecific pairs are created from sympatric and allopatric populations (Fuller, McGhee 
et al. 2007), but this latency metric may be somewhat inappropriate given the natural history of 
Lucania.  Both species are extremely iteroparus and in the wild males maintain territories in 
vegetation which females visit to lay eggs, so courtship biases may play an important role in 
maintaining prezygotic isolation (Fuller 2001).  Male and female interactions are usually brief, 
and other potential mates are often in close proximity (Arndt 1971; Fuller 2001). We have found 
that when male courtship is observed over shorter time periods (30 minutes), males of both 
species preferentially court conspecific females (Berdan and Fuller 2012).  Moreover, L. goodei 
males displayed greater preference for conspecifics than L. parva males.  This asymmetry in 
preference is concordant with the asymmetric reductions in fertility of hybrid offspring (Berdan 
and Fuller 2012; see Yukilevich (2012) for a discussion of concordant asymmetries and 
reinforcement).  Therefore, it is possible that reinforcement has led to the evolution of 
preferences in L. goodei males. 
 
Here, we test whether the classic signature of reinforcement (increased behavioral isolation in 
sympatry) occurs in Lucania due to male mating preferences.  We observed courtship of L. 
goodei and L. parva males from two allopatric and two sympatric populations.  Male courtship 
was measured in two no-choice trials, once with a female of both species, to determine if males 
preferentially court conspecific females.  If there is reinforcement of male mating preferences 
between populations of L. goodei and L. parva, we predicted there would be stronger preferences 
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for conspecific females in sympatric populations than in allopatric populations.  Based on 
previous work, we expected to find stronger male mating preferences for conspecifics in L. 
goodei than in L. parva males.  
 
Methods 
Experimental Animals 
Populations were classified as sympatric and allopatric based on extensive museum records and 
survey data (Fuller and Noa 2008).  Additionally, for each population, we used the information 
in Fuller and Noa (2008) to estimate the distance to the nearest known population of the other 
species using coordinates of collection and path analysis along waterways in Google Earth 
(Google Inc, Mountain View, CA).  For sympatric populations, this distance was set to 0 km.  
Population and site details, classification, and distances are listed in Table 4.1.  Allopatric adult 
L. parva were collected from Indian River Lagoon near Titusville (Brevard County, Florida) and 
St. George Sound (Franklin County, Florida).  Allopatric adult L. goodei were collected from 
Upper Bridge on the Wakulla River (Wakulla County, Florida) and Blue Springs (Gilchrist 
County, Florida).  Sympatric adult L. goodei and L. parva were collected from Lower Bridge on 
the Wakulla River (Wakulla County, Florida) and Salt Springs (Marion County, Florida).  All 
collections took place between May and October of 2011.  All individuals were collected using 
dip nets and seines, with the exception of individuals from St. George Sound, which were 
collected using a dragnet.   
 
Animals were transported back to the University of Illinois where they were housed by 
population in 38-liter and 110-liter aquaria. Fish were housed in their native salinity, which was 
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fresh water for all populations with the exception of the two coastal populations, St. George 
Sound and Indian River, which were housed in salt water (32ppt).   Our freshwater source was 
dechlorinated city water (water treated with Start Rite), and our saltwater source was reverse 
osmosis water from a 4 stage barracuda RO/DI unit (Aqua Engineering and Equipment, Winter 
Park, Florida) to which we added Instant Ocean® Sea Salt (Spectrum Brands, Atlanta, GA) to 
achieve the desired salinity. Salinity was verified with an YSI-63 salinity meter (YSI Inc., 
Yellow Springs, OH).  Fish were fed ad lib daily with frozen brine shrimp and Tetramin flake 
food (Spectrum inc, Madison, WI).  Lights were maintained on a 14L:10D cycle.  Our mating 
trials were conducted in fresh water and all fish were acclimated to freshwater for at least 48 
hours before the start of any trials. 
 
Mate Choice trials  
We had four sets of populations: two sympatric populations, Lower Bridge and Salt Springs, and 
two sets of allopatric populations, Upper Bridge L. goodei paired with Indian River L. parva and 
Blue Springs L. goodei paired with St. George Sound L. parva (referred to as Gulf Coast).  
Within each set, we tested males of both species with females of both species.  Each male was 
observed twice - once a day on two sequential days, once with a conspecific female and once 
with a heterospecific female.  The order in which males were presented with females (either 
conspecific or heterospecific) was randomized.  Mate choice assays were run simultaneously for 
the two species (September-December 2011).  Furthermore, mating preference assays for L. 
goodei and L. parva males from sympatric populations were conducted simultaneously.  We 
observed four males per day.  
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For a given trial, a male was placed in an observation tank (38-L) 24 hours prior to observation. 
Four yarn mops (2 bottom and 2 floating) were placed in each observation tank. The fish use 
these mops for cover and as a spawning substrate. The stimulus female (either L. goodei or L. 
parva) was placed in a holding tank (19-L) 24 hours prior to observation. The standard length of 
all fish was measured before they were placed in tanks.  Observations occurred in the morning, 
and fish were fed ten minutes prior to the beginning of observations. Each female was placed 
into the corresponding male observation tank and given two minutes to acclimate. After two 
minutes had passed, the fish were observed for ten minutes.  
 
Courtship behavior of L. goodei consists of a male swimming in circles around a female (circle 
swims) and flicking his head while in front or positioned laterally to the female (head flicks).  
The male will then approach the underside of the female and continue head flicks. The pair will 
then swim together, press their bodies onto the yarn mops (vegetation in the wild) and release 
egg and sperm to complete spawning behavior (Foster 1967; Fuller 2001; McGhee and Travis 
2010).  Lucania parva has similar courtship behavior with the exception that males only perform 
head flicks later in courtship when they are positioned beneath the female (Foster 1967).  During 
our ten-minute observations of each male-female pair, the number of courtship behaviors and 
spawnings were recorded by a live observer (O. Gregorio).   
 
If the male and female did not emerge from hiding in the yarn mops after four minutes of 
observation, the observation was stopped and revisited after the remaining observations were 
completed (15-40 minutes later).  After observations on day one, the female was removed.  A 
new female was chosen, measured, and placed into the appropriate holding tank.  On day two, 
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after observations had taken place, both the male and the female were removed, and the 
observation tank was drained and refilled with water to prevent the transfer of chemical cues 
between males. All males were tested with two females, and females were tested with a single 
male.  We tested 8 males of each species from each population.  Our final data set included 47 
males (8 Lower Bridge LG, 5 Lower Bridge LP, 7 Salt Springs LG, 8 Salt Springs LP, 5 Upper 
Bridge LG, 5 Indian River LP, 5 Blue Springs LG, 4 Gulf Coast LP; where LG equals L. goodei 
and LP equals L. parva).  If males failed to court either female they were removed from the data 
set, as their preference could not be measured.  A total of 10 L. parva males and 6 L. goodei 
males failed to court any females and were removed from further analysis (an additional LG 
male was removed from the data set because he was in poor health).  Failure to court did not 
differ significantly between sympatry and allopatry for either species (LP: Fisher’s Exact test, P 
= 0.25; LG: Fisher’s Exact test, P = 0.08).  The average number of total courtship behaviors 
performed by a male ranged from 12-20 depending on population (Gulf/Blue Springs = 19.22, 
Upper Bridge/Indian River = 12, Lower Bridge = 20.54, Salt Springs = 17.13), but the amount of 
courtship was not significantly different between populations (F3,43 = 0.63, P = 0.59).   
Therefore, variation between populations in the motivation to court may exist but is minor. 
 
Statistical Analysis 
We calculated the proportion of each male’s total courtship behavior that was performed towards 
the conspecific female since each male was tested with females of both species.  This metric ran 
from 0 (all courtship directed towards the heterospecific) to 1 (all courtship directed towards the 
conspecific) with 0.5 indicating no preference.  Using a preference score, rather than number of 
courtship behaviors controls for variation in courtship vigor between species and populations 
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(Albert and Schluter 2004). Since the data ranged from 0 to 1, we analyzed it in a generalized 
linear model with a binomial distribution in Proc Genmod in SAS v.9.2 (SAS Institutes, Cary, 
NC).  The data was coded as number courtship behaviors directed towards the conspecific over 
total courtship behaviors.  Coding the data this way allows the mean squares to be weighted by 
the total number of courtship behaviors a male performed. The main effects we tested were male 
species (L. parva, L. goodei), context (whether a population set was sympatric or allopatric), 
population set (Lower Bridge, Salt Springs, Upper Bridge/Indian River, and Blue Springs/Gulf 
Coast), and all interactions.  Population set was nested in context since we had sympatric and 
allopatric population sets.  Non-significant interactions were removed to simplify our model. To 
determine if specific populations within species were significantly different from each other, we 
compared least squares means from our generalized linear model.  We also included the 
difference in body size between the conspecific and the heterospecific female as a covariate but 
it was non-significant and was removed from the model (χ2 < 0.01, P = 0.98).   
 
Results 
A higher proportion of courtship was directed towards the conspecific female when males were 
from sympatric populations compared to allopatric populations (χ21 = 6.36, P = 0.0117; Figure 
4.1, Table 4.2).  Based on previous results, we had predicted L. goodei males would have 
stronger conspecific preference than L. parva males, but there was no significant difference in 
the strength of preference between species (χ21 = 2.94, P = 0.0865; Table 4.2).  However, there 
were significant differences in the strength of conspecific preference among populations (χ22  = 
16.39, P = 0.0003; Figure 4.1, Table 4.2).  Strength of preference for conspecifics was negatively 
correlated with distance from the other Lucania species (Spearman rank correlation using least 
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squares means, r = -0.76, P = 0.028; Figure 4.2) and not with other factors that varied among 
populations such as body size differences between conspecific and heterospecific females (r = -
0.33, P = 0.42). Gulf Coast L. parva and Blue Springs L. goodei were the allopatric populations 
most distant from heterospecifics and courted conspecifics significantly less than almost all other 
populations (the only non-significant difference was Gulf Coast vs. Indian River LP; least 
squares mean differences: Blue Springs LG vs. Lower Bridge LG Z = -3.56 P = 0.0004; Blue 
Springs LG vs. Salt Springs LG Z = -2.23 P = 0.026; Blue Springs LG vs. Upper Bridge LG Z = 
-2.21 P = 0.0274; Gulf Coast LP vs. Lower Bridge LP Z = -12.43 P < 0.0001; Gulf Coast LP  vs. 
Salt Springs LP Z = -2.54 P = 0.0112, Gulf Coast LP vs. Indian River LP Z = -1.67 P = 0.0951).    
 
Discussion 
The critical test of reinforcement is whether or not the proportion of courtship behavior directed 
towards conspecifics is affected by context (sympatry vs. allopatry).  Lucania goodei and L. 
parva males in sympatric populations preferred to court conspecific females more than males 
from allopatric populations.  However, there was variation among allopatric populations; males 
from Gulf Coast and Blue Springs were more likely to court heterospecifics than males from 
Upper Bridge or Indian River.  This variation in preference appears to be a function of proximity 
of heterospecific populations.  Both Gulf Coast and Blue Springs are more than 50 km from 
heterospecifics and have weaker conspecific preferences.  Upper Bridge and Indian River have 
stronger preference for conspecific females and are much closer to heterospecific populations 
(less than 15 km).  We classified Upper Bridge and Indian River populations as allopatric since 
historical records and our own annual sampling of these populations indicate that the other 
species is not present (zero L. goodei have been caught in Indian River over 5 years, only a 
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single L. parva individual has ever been caught at Upper Bridge over 10 years: Fuller et al. 2007, 
Fuller unpublished data).  However, Upper Bridge is only 5.5 km upriver from Lower Bridge and 
Lucania populations are present along the length of the river from the Lower to Upper Bridge 
site.  Our Indian River population is also geographically close to both allopatric L. goodei 
populations and L. parva populations that co-occur with L. goodei on Merritt Island (Fuller and 
Noa 2008).  Gene flow with nearby populations appears to have led to the transmission 
conspecific preference alleles to these nearby allopatric populations.  Conspecific preference 
alleles might be maintained by  rare encounters with members of the other species  or there may 
be no cost to these alleles in allopatry (Ortiz-Barrientos, Grealy et al. 2009).    
 
Our results strongly suggest that reinforcement has shaped male courtship preferences between 
L. parva and L. goodei.  Preferences for conspecific females are stronger in sympatry and appear 
to be present even in parapatric populations such as Upper Bridge and Indian River.  The fitness 
reductions of hybrids which we have previously documented (Fuller 2008), appear to have 
produced selection for increased conspecific mate preference in males.  Reinforcement of male 
mate preferences is not as common as reinforcement of female preferences, but this may be 
because male mate preferences are understudied (Edward and Chapman 2011) or male 
preferences are more context dependent (Booksmythe, Jennions et al. 2011).  Our data adds to 
growing evidence that male preferences for conspecific females can be stronger in sympatry and 
reinforcement of male preference may play an important role in completing speciation (Waage 
1979; Ratcliffe 1983; Gabor and Ryan 2001; Albert and Schluter 2004; Peterson, Honchak et al. 
2005; Kronforst, Young et al. 2007; Svensson, Karlsson et al. 2007).   
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Our data suggest a relationship between preference and proximity to heterospecific populations, 
and are similar to previous studies in Heliconius butterflies and salifin mollies which have found 
that strength of male conspecific preference is directly related to distance from sympatric 
populations (Gabor, Ryan et al. 2005; Kronforst, Young et al. 2007).  Therefore, reinforcement 
may frequently produce clinal effects on preference when gene flow occurs between sympatric 
and neighboring populations (Lemmon, Smadja et al. 2004; Goldberg and Lande 2006).  While 
relationships between conspecific preference and geographic distance seem to be more common 
in studies of male mate preference, this claim is tentative and requires further verification.  
 
In contrast to previous work, we did not find any asymmetry in male preference strength between 
L. goodei and L. parva (Berdan and Fuller 2012).  Berdan and Fuller (2012) measured courtship 
behavior of pairs of males towards conspecific or heterospecific females and found that Upper 
Bridge L. goodei did not court L. parva, but Indian River L. parva would occasionally court L. 
goodei.  In our experiment, we did not use pairs and instead tested a single male with a female.  
Both L. goodei and L. parva from our experiment displayed similar levels of conspecific 
preference.  Asymmetry in male conspecific preference strength between spevies is revealed 
only when other males are present.  This suggests that the strength of L. parva male conspecific 
preference varies based on the social context (an audience effect).  This is conxsistent with work 
from other species showing that  males display conspecific preference only in certain situations 
(Booksmythe, Jennions et al. 2011) and within species, males can be less selective of females 
when other males are present due to increased risk of competition for preferred mates (Tobler, 
Schlupp et al. 2008; Makowicz, Plath et al. 2010; Bierbach, Girndt et al. 2011).  This effect of 
social context may occur in L. parva because male competition is more intense in this species 
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(Berdan and Fuller 2012), which may magnify these audience effects.  Alternatively, context 
independent rejection of heterospecifics on the part of L. goodei males may have been favored 
due to the reduced fitness of hybrid sons when these males mate with L. parva females (Fuller 
2008).  Since we found audience effects in Indian River L. parva, which are allopatric but in 
close proximity to sympatric populations, it would prudent to test if these effects exist in 
sympatric L. parva populations as well. 
 
A potential alternative explanation of our results is that female preferences or traits differ 
between sympatry and allopatry rather than male preferences.  We think this is unlikely for 
several reasons.  First, males initiate courtship in Lucania and so courtship preferences of males 
are unlikely to be affected by female preferences.  We also did not observe males initiating 
courtship but then halting it due to lack of female interest.  Second, we think it unlikely that 
conspecific recognition cues in these species differ between sympatry and allopatry.  There are 
no noticeable morphological differences between sympatric and allopatric fish in either species.  
If chemical cues are used in courtship, these might differ between salt water and fresh water, but 
previous work has found this to be improbable (Berdan and Fuller 2012). This argues against 
female traits differing dramatically between sympatry and allopatry.  Additionally, it also 
suggests there is no evidence for the cascade reinforcement hypothesis, that increased prezygotic 
isolation will evolve between sympatric and allopatric populations, since more restrictive mate 
choice criteria in sympatric populations may lead individuals to reject conspecific members of 
other populations in addition to heterospecifics (Howard 1993; Ortiz-Barrientos, Grealy et al. 
2009).  
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In sum, our results suggest that Lucania males have strong conspecific mate preferences and that 
these preferences have likely evolved via reinforcement.  Future studies will hopefully establish 
if there are also differences in female mate preference between sympatric and allopatric 
populations allowing us to determine if both male and female preference contribute to the strong 
prezygotic isolation between species (Fuller et. al. 2007; Berdan and Fuller 2012).  Often there 
are asymmetries between the sexes in the strength of conspecific preference and one sex 
typically contributes more to prezygotic isolation than the other (Saetre, Moum et al. 1997; 
Svensson, Karlsson et al. 2007; Espinedo, Gabor et al. 2010; O'Rourke and Mendelson 2010; 
Swenton 2011; Kozak, Rudolph et al. 2012).  Understanding the role of reinforcement in 
speciation will require detailed studies of both male and female mate preference.  
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CHAPTER 5: GENETIC LINKAGE MAPS OF L. GOODEI 
AND L. PARVA AND THEIR SYNTENY BASED ON EST-
DERIVED SNPS. 
 
 
 
Introduction 
Species-specific linkage maps are important tools in evolutionary genetics.  They allow for 
comparisons of genetic architecture between species via synteny mapping (eg: Backstrom, 
Karaiskou et al. 2008) and enable exploration of genotype-phenotype relationships through QTL 
mapping (Falconer and Mackay 1996).   Genetic maps are especially important in the study of 
speciation.  Chromosomal rearrangements (e.g. inversions, fusions, translocations, etc.) may 
cause reduced fitness in hybrids and can also create areas of the genome where there is low 
recombination (White 1978; Faria and Navarro 2010). Although linkage maps for closely related 
species are not widely available, changes in genetic architecture have been shown to be 
important for speciation (Noor, Grams et al. 2001; Coluzzi, Sabatini et al. 2002; Ortiz-
Barrientos, Reiland et al. 2002; Kitano, Ross et al. 2009; Faria and Navarro 2010).  Increasing 
the number of species pair maps will enable more thorough investigations into the genetic 
architecture of divergence. 
 
Lucania goodei and L. parva are two recently diverged sister species (Duggins, Karlin et al. 
1983; Whitehead 2010) that have low amounts of sequence divergence (~98% transcriptome 
sequence similarity) yet strong ecological divergence and reproductive isolation.  The two 
species differ radically in their salinity tolerance. Lucania goodei is found primarily in 
freshwater sites (and is mostly endemic to Florida) while Lucania parva is euryhaline and can be 
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found in fresh, brackish, and marine habitats as far north as Massachusetts and as far west as 
central Mexico (Lee 1980). Differential adaptation to salinity occurs not only in adults but at 
multiple life stages (Dunson and Travis 1991; Fuller, McGhee et al. 2007; Fuller 2008). 
Ancestral reconstruction of salinity tolerance suggests that the common ancestor of these two 
species was marine (Whitehead 2010).  The two species exhibit multiple forms of reproductive 
isolation including behavioral, extrinsic postzygotic, and intrinsic isolation (Fuller 2008).  None 
of the reproductive isolating barriers are complete (see Berdan and Fuller 2012) and there is 
evidence for current gene flow between the two species (R.C. Fuller unpublished data; Hubbs, 
Walker et al. 1943). 
 
There is reason to believe that genetic architecture differs between Lucania goodei and L. parva.   
Neither species has a published karyotype, but in a paper on karyotype variation in the order 
Cyprinodontiformes (to which Lucania belongs), Uyeno and Miller (1971) made a one-sentence 
comment stating that  L. parva is 1N=23 and that L. goodei is 1N=24. The statement suggests a 
Robertsonian fusion in L. parva, but unfortunately, the authors provided no data to substantiate 
this claim. A Robertsonian fusion occurs when two acrocentric chromosomes are fused into a 
large metacentric chromosome.  To test for a Robertsonian fusion and other differences in 
genetic architecture, we combined traditional karyotyping with the application of high-
throughput SNP genotyping in both species to produce two high-density SNP-based linkage 
maps.  We combined data from both of these approaches to determine if any major genomic 
rearrangements had occurred.   
 
Methods 
 71 
Karyotyping 
We sought to determine the somatic karyotype of L. goodei and L. parva.  For each species we 
karyotyped animals of both sexes from multiple populations.  To stimulate mitosis, individuals 
were injected intraperitoneally with ~20 µl of a 2% phytohemagglutinin (Invitrogen, Carlsbad, 
CA) solution and placed in a separate aquarium for 24 hours, then injected intraperitoneally with 
5 µl of a 1% colchicine solution.  After an additional 2 hours, the animals were sacrificed using 
MS-222 (Argent Chemical Laboratories, Redmond, WA), and the gills were removed and placed 
in chilled distilled water to allow the cells to swell.  Gills were separated by sex and species.  
The cells were allowed to swell for 30 minutes and then were placed in a 3:1 methanol:glacial 
acetic acid mixture for fixation.  The gills remained in fixative for 30 minutes with changes to 
fresh fixative every 10 minutes.   Slides were cleared in methanol, dipped in 100% ethanol, and 
then swirled in chilled distilled water.  The gills were then dabbed on the slide 8-16 times and 
discarded.  Slides were placed on a slide warmer until dry then cured in a drawer overnight.    
Slides were stained with Giemsa (Electron Microscopy Sciences, Hatfield, PA), diluted to 5% in 
a 6.8 pH phosphate buffer, and then dried again.  Permount (Fisher Scientific, Pittsburgh, PA) 
was used to mount the slides that were then visualized using a compound microscope.   
 
Creating comparative genetic linkage maps - Overview 
Our goal was to create genetic linkage maps for L. goodei and L. parva that allowed us to 
determine which chromosomes had been rearranged as part of the chromosomal fusion (see 
results for karyotype).  To do this, separate F2 mapping crosses were created for both L. goodei 
and L. parva between two geographically isolated populations.  The F2 hybrids were genotyped, 
and the rates of recombination between markers fixed in each population were compared.  Pairs 
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of markers with low recombination rates likely occur in close proximity to one another.  Figure 
5.1 shows the general approach to marker development and the creation of linkage maps. The 
key to comparing the genetic linkage maps between the two species was to use SNP markers 
from orthologous ESTs that were expressed in both species (Figure 5.2).  Obviously, the same 
sets of SNPs cannot be used to resolve both the L. goodei and the L. parva genetic maps.  
However, using SNPs from orthologous ESTs that are expressed in both species allowed for a 
direct comparison of the two maps.     
 
Crosses 
For each species, we set up crosses between two geographically and ecologically divergent 
populations.  For Lucania goodei, these populations were Upper Bridge from the spring-fed 
Wakulla River (Wakulla County, Florida) and a swamp population (26-Mile Bend) in the 
Everglades (Broward County, Florida).  For Lucania parva, we used fish from Indian River 
Lagoon, an Atlantic coast population where salinity is typically 35 ppt (Brevard County Florida) 
and Pecos River, a freshwater inland river in Texas (Pecos-Crockett County border, Texas).  For 
each cross, we established 16 breeding pairs between populations in both hybrid cross directions 
(8 with mothers from population A and fathers from population B, 8 with mothers from 
population B and fathers from population A). F1 hybrid offspring were then raised to adulthood. 
F2 offspring were created by pairing mature unrelated F1 hybrid individuals.  F2 eggs were 
collected and raised in freshwater with methylene blue (an antifugicide).  Fry were fed newly 
hatched Artemia and raised to 1 month post-fertilization then euthanized in MS222, preserved in 
ethanol, and stored at -80 C.  F1 parents and F0 grandparents were preserved in ethanol.  F2 
family sizes ranged from 15 to 24.   
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Creation of population-specific EST libraries 
We extracted RNA from 5 males and 5 females from our two L. goodei populations (Upper 
Bridge and Everglades) and two L. parva populations (Indian River and Pecos River). Fish were 
euthanized in an overdose of MS222.  Tissue samples were taken from the gills (1-2 arches), 
dorsal fins, eyes, brain, and the gonads (ovaries or testes).  In a few cases, tissues were preserved 
in RNAlater or -80°C ethanol prior to RNA extraction.  Tissues were ground and then RNA 
extracted from the tissues using β-mercaptoethanol and QiaShredder columns (Qiagen, Valencia 
CA) (Carelton 2011).  RNA was purified using RNeasy mini kits (Qiagen, Valencia CA).  A 
pooled sample was created for each population, containing equal amounts of RNA from all 
individuals.  This pooled RNA was submitted to the Keck Center for Comparative and 
Functional Genomics at the University of Illinois for creation of cDNA libraries and sequencing 
using Illumina HiSeq 2000.  The two populations from each species were labeled and run a 
single lane of Illumina HiSeq for paired end sequencing.  On a third lane, we did additional 
sequencing of cDNA from RNA extracted from gills and gonads of 10 individuals (5 males and 5 
females) from four other L. parva populations: two freshwater (Delks, Florida; Lower Bridge, 
Florida) and two saltwater (St. Marks, Florida; Bolivar Peninsula, Texas).  Additional 454 
sequencing was done on pooled samples of RNA from five L. goodei populations across Florida 
(1- Upper Bridge Wakulla River, Wakulla, Co., FL; 2- St. Mark’s National Wildlife Refuge 
Gambo Bayou, Wakulla, Co., FL; 3- 26-Mile Bend, Everglades, Broward Co., FL; 4- Rum Island 
Park, Santa Fe River, Columbia Co., FL; 5- Delk’s Bluff Bridge, Oklawaha River, Marion Co., 
FL).  Tissue samples were taken from the gills, fins, eyes, brain, and gonads (ovaries or testes), 
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then extracted using Trizol and RNeasy mini-kits.  Additional details on the previous 454 project 
can be found in Fuller and Claricoates (2011).    
 
Assembly and alignment 
Paired-end libraries for each of the four populations were sequenced with Illumina and 
assembled using Novoalign (Novocraft Technologies; www.novocraft.com).  Illumina sequences 
were trimmed to 75 bp in length.  Assembly parameters were as follows: the maximum 
alignment score acceptable for a best alignment was set at 45; the gap extend penalty was set at 
10; and the number of good quality bases for an acceptable read was set at 50. We used L. goodei 
454 contig sequences as a reference (see Fuller and Claricoates 2011 for details). For the 
reference, we re-assembled the contigs using Newbler assembler (454 Life Sciences).  Assembly 
parameters were as follows: the minimum contig length was set at 200 bp; the minimum overlap 
length was 60 bp; and the minimum overlap identity was 95%.  A total of 29,838 contigs were 
generated by the Newbler assembler.  The advantage of using the L. goodei 454 contigs as a 
reference was that it allowed us to anchor our analysis of the Illumina sequence.  Most likely, we 
missed L. parva contigs that were not expressed in L. goodei, but these contigs are uniformative 
for this comparative linkage map project.  Using the L. goodei sequences as a reference allowed 
us to pinpoint contigs that contained SNPs that were diagnostic to the two populations in each 
species.  
 
SNP selection 
The alignments were exported to MAQ (Mapping and Assembling with Quality) software (Li, 
Ruan et al. 2008) for SNP detection.  Program parameters for calling SNPs were as follows: the 
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minimum read depth to call a SNP was 50, and the maximum quality of reads covering a SNP 
was set at 50.  Our strategy for finding population diagnostic SNPs involved multiple SNP 
discoveries.  We identified diagnostic SNPs for each population using its population pair as a 
reference.  For example, for L. goodei, we first took the consensus sequences for 29,838 contigs 
for the Upper Bridge population as a reference and identified SNPs in the Everglades population.  
Then, we took the consensus sequence from the Everglades population as a reference and 
identified SNPs in the Upper Bridge population.  Likewise, we performed two sets of SNP 
searches for the two L. parva populations.  SNPs were considered to be diagnostic when they 
were identified unambiguously for both populations.  There were many more diagnostic SNPs 
between the two L. parva populations than there were between two L. goodei populations.  We 
therefore had to accept some SNPs for our L. goodei populations that were fixed in one 
population but were segregating in another (e.g. one population is fixed for T, but the other 
population is segregating for C/T).   
 
Candidate SNPs were submitted to Illumina for initial evaluation for suitability for the Infinium 
Genotyping Assay.  Candidate SNP analysis requires information on sequence orientation.  We 
determined sequence orientation by blasting contigs against amino acid sequences for all proteins 
in the NCBI database for medaka, stickleback, and mummichog.  Illumina assigned each 
candidate SNP a quality score that predicts its likelihood of success.  We excluded all candidate 
SNPs with quality scores less than 0.6.  We selected SNPs that (1) maximized quality score, (2) 
maximized the number of contigs with L. goodei, L. parva, and species-specific SNPs, and (3) 
maximized the probability of being diagnostic for its given task.  Our Infinium bead chip held 
probes for 4,545 SNPs.  Of these, 1,497 were candidate SNPs for L. goodei, 1,369 were 
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candidate SNPs for L. parva, and 1,679 were candidate species-specific SNPs.  There were 448 
contigs that contained candidate SNPs for L. goodei, L. parva, and species-specific SNPs, 82 
contigs that contained candidate SNPs for both L. goodei and L. parva (but no species-specific), 
313 that contained candidate L. goodei and species-specific SNPs (but no L. parva SNPs), 321 
contigs that contained L. parva and species-specific SNPs (but no L. goodei SNPs), 424 contigs 
that only contained candidate L. goodei SNPs, 260 contigs that contained only candidate L. 
parva SNPs, and 88 contigs that contained only species-specific SNPs.  Some contigs contained 
multiple candidate SNPs for L. goodei and L. parva.   
 
DNA Extraction 
DNA was extracted using a modified version of the PureGene (Gentra Systems, 
www.gentra.com) extraction protocol over four days.  On the first day, tissue samples were 
placed in 600 µl of cell lysis solution (0.1 M Tris, 0.077 M EDTA, and 0.0035 M sds) with 3 µl 
of Protinease K (20 mg/ml).  The sample was vortexed and kept at 65° overnight.  On the second 
day, 200 µl of protein precipitation solution (Qiagen, Valencia, CA) was added and the sample 
was vortexed and then stored at 4° C overnight.  On day three, the sample was centrifuged at 
12.6 x 103 rpm for 5 minutes and then the supernatant was removed leaving behind the protein 
pellet.  Six hundred µl of isopropanol was added and the sample was kept at -20° overnight.  On 
the final day, the sample was centrifuged at 12.6 x 103 rpm for 4 minutes to precipitate the DNA.  
The supernatant was removed and 600 µl of 70% ethanol was added.  The sample was vortexed 
and then centrifuged again.  The ethanol was removed and the pellet was allowed to dry and then 
rehydrated with 30 µl of TE.  Sample concentration and quality were verified using a Nanodrop 
spectrophotometer.   
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For L. parva crosses, we extracted DNA from 265 F2 offspring and 24 F1 parents comprising 12 
families.  For L. goodei, since not all SNPs were fixed, we extracted DNA from 33 F0 
grandparents in addition to 24 F1 parents and 261 F2 offspring comprising 12 families.   
 
SNP Genotyping 
DNA samples were genotyped at all SNPs using an Illumina Infinium Bead Chip custom 
designed for Lucania.  Bead chips were scanned using the iScan System (Illumina) at the Keck 
Center for Comparative and Functional Genomics at the University of Illinois.  Raw data from 
the Infinium assay were changed to genotype calls using Illumina GenomeStudio software 
v2011.1.   Cluster positioning was done automatically and separately for L. goodei and L. parva 
SNPs.  Afterwards, cluster positioning was checked manually and minor adjustments were made 
to optimize genotype calls.  The no-call threshold was set to 0.15 and genotype calls were 
exported as spreadsheets. 
 
The data were analyzed separately for each family.  For each family, SNPs were removed if 
either (1) genotypes were homozygous in both parents thereby guaranteeing all offspring were 
either heterozygotes or homozygotes, or (2) the genotype was a no-call (i.e. the sample did not 
run) for one or both parents.  For the L. parva linkage map, only SNPs that were originally 
designed for L. parva were used.  For the L. goodei map, we included both L. goodei SNPs and 
all other SNPs that were segregating within our crosses (i.e. some L. parva or species-specific 
SNPs were segregating in L. goodei).    
 
 78 
Linkage Mapping 
For each species we constructed individual maps for the individual families (12 per species) 
using JoinMap 4.1 (Stam 1993).  We used LOD grouping thresholds between 4 and 3.5 for L. 
goodei and L. parva respectively.   The Kosambi mapping function (Kosambi 1944) was used to 
convert recombination frequencies to cM, and a consensus map for both species was constructed 
with the Map Integration tool in Joinmap using individual family map inputs.   MapChart 2.2 
(Voorrips 2002) was used for graphical representation of the consensus map.  The 24th linkage 
group for the L. goodei map lacked enough power to determine marker order.  To determine if 
this was a true linkage group, we examined whether it was syntenic with any of the L. parva 
linkage groups (see below). 
 
Synteny 
We considered SNPs designed from a common contig to be putatively orthologous.  To verify 
this assumption, we first examined whether the contigs were assigned into similar sets on the two 
linkage maps.  In other words, we asked whether SNPs from certain contigs group together in 
both the L. goodei and L. parva maps.  We also visually examined the patterns of synteny and 
marker order assuming that SNPs derived form a common EST are orthologous using 
MapChart2.2.  Although marker order from L. goodei linkage group 24 could not be visualized, 
9 of 28 markers were found to be syntenous with linkage group 15 from the L. parva map.   
 
Results 
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Karyotype 
The L. parva karyotype has 23 chromosomes (Figure 5.3A).  Twenty-two of these are 
acrocentric chromosomes of similar size and one is a metacentric chromosome approximately 
twice the size of the other chromosomes. The L. goodei karyotype is made up of 24 acrocentric 
chromosomes of similar size (Figure 5.3B).  For both species, karyotypes were invariant between 
sexes and populations.  
L. goodei linkage map   
Significant linkages were found for 1,243 SNP markers making up 24 linkage groups but only 
1,215 markers could be resolved for marker order into 23 linkage groups (Figure 5.4).  The 
number of markers per linkage group ranged from 6 (LG 23) to 88 (LG 1).   The linkage map 
(with 23 LGs) spanned 448 cM with average linkage group size being 19.5 cM (Table 5.1).  
Average marker density was 2.73 markers per cM ranging from 0.63 (LG23) to 4.5 (LG10).   
Marker density was very consistent with the largest gap being 6.3 cM on LG16 and only 11 gaps 
of 4 cM or larger across the entire map.   
L. parva linkage map 
Significant linkages were found for 840 SNP markers that were resolved into 23 linkage groups 
(Figure 5.5).  The number of markers per linkage group ranged from 20 (LG20) to 64 (LG1).   
The total length of the map was 600 cM with the average linkage group being 26.1 cM (Table 
5.1).   Marker density was 1.49 markers per cM on average and spanning from 0.73 (LG4) to 
2.87 (LG22).   Marker density was somewhat consistent with the largest gap being 9.2 on LG2 
and with 31 gaps of 4 cM or larger across the map. 
Synteny 
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We found extensive macrosynteny (at the linkage group level) and a moderate amount of 
microsynteny (at the marker level) between L. goodei and L. parva (Figures 5.6-5.9).  All linkage 
groups had single syntenic matches with the exception of LG13 (LG- Linkage group) and LG14 
from L. goodei that mapped to LG1 in L. parva indicating a Robertsonian fusion (Figure 5.6).   
Over 46% of L. goodei markers (574/1243) and 50% of L. parva markers (428/840) were from 
putatively orthologous ESTs.  Of these markers, 563 (94%) matched with their syntenic linkage 
group while only 35 (6%) matched with other linkage groups (Figure 5.7).   
Macrosynteny was highly conserved except for a putative chromosomal fusion.  There is strong 
evidence for a Robertsonian fusion between L. goodei linkage groups 13 and 14 forming a 
metacentric chromosome (LG1 in L. parva).   The L. parva karyotype showed a large 
metacentric chromosome that was absent from the L. goodei karyotype (Figure 5.3).  Synteny 
mapping confirmed this showing that LG13 in L. goodei is syntenic with the top half of LG1 in 
L. parva and that LG14 is syntenic with the bottom half (Figure 5.6).    
Microsynteny was only moderately conserved.  A qualitative visual analysis of the syntenic pairs 
revealed that marker order was “highly conserved” on only 5 syntenic pairs (L. parva linkage 
group listed first: 1-13/14, 2-21, 6-1, 12-11, 13-12), “moderately conserved” on 9 syntenic pairs 
(3-22, 5-3, 9-18, 10-4,1 1-5, 14-9, 16-6, 19-15, 20-20), and “poorly conserved” on 7 syntenic 
pairs (4-8, 7-16, 8-10, 18-2, 21-7, 22-17, 23-19).    
All syntenic pairs were scanned visually for inversions (looking for reversal of marker order 
between the species).  Although we found several potential inversions, the only one with 
moderately strong evidence (as determined by the number of markers reversed and how well 
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they matched the expected pattern) was an inversion between LG7 (L. parva) and LG16 (L. 
goodei) (Figure 5.8).     
Linkage group size was larger in L. parva for 16 of 22 syntenic pairs.  This result reached 
statistical significance (post-hoc paired t-test, T = 2.88 P = 0.009).   Linkage groups from L. 
parva were on average 5.9 cM longer than their L. goodei counterparts.   
Discussion 
Using high throughput Illumina Infinium genotyping assays, we created two gene-based linkage 
maps with high marker density.  Comparisons between these maps revealed that macrosynteny 
(at the linkage group level) is highly conserved (Figure 5.7) while microsynteny (gene order) is 
only moderately conserved.  There are two putative genomic rearrangements: a fusion between 
linkage groups 13 and 14 in L. goodei to produce LG1 in L. parva and an inversion between LG7 
in L. parva and LG16 in L. goodei.     
We have significant evidence for the chromosomal fusion.  First, we produced karyotypes that 
indicated a metacentric chromosome was present in L. parva and absent in L. goodei.   Second, 
our linkage maps showed that there is clearly a fused chromosome in L. parva (LG1) that is 
syntenic with two L. goodei chromosomes (LG 13 and 14) representing a Robertsonian fusion.  
Furthermore, there was no intermingling of markers from L. goodei LG 13 and 14 along the L. 
parva LG 1.  This, combined with the fact that the ancestral karyotype in fundulids (and most 
teleosts) is N=24, suggests that a fusion has occurred in the L. parva lineage, but not in the L. 
goodei lineage.   
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We have weaker evidence for an inversion between LG7 in L. parva and LG16 in L. goodei 
(Figure 5.8).  Even though marker order was generally reversed, individual marker-marker 
relationships were not preserved.  For example, markers A and B could be found at the top of the 
inversion in L. parva with A above B.  These markers would then be found at the bottom of the 
inversion in L. goodei except marker A may still be above marker B (instead of below).  This 
could be due to multiple rearrangements or errors in map creation.  More work is needed to 
determine if an inversion is present between LG7 in L. parva and LG16 in L. goodei.   
The two putative genomic rearrangements we found may have strong implications for speciation.  
Higher differentiation and/or restricted gene flow is often found for loci within rearrangements 
(Noor, Grams et al. 2001; Basset, Yannic et al. 2006; Michel, Grushko et al. 2006; Franchini, 
Colangelo et al. 2010; Hipp, Rothrock et al. 2010).   This suggests that loci present in these 
rearrangements are potentially shielded from gene flow and may be important for adaptation or 
speciation.   Empirical data in other study systems supports this.  Genes involved in local 
adaptation, prezygotic isolation, and postzygotic isolation have been found in chromosomal 
rearrangments (Gilburn and Day 1999; Rieseberg, Whitton et al. 1999; Noor, Grams et al. 2001; 
Coluzzi, Sabatini et al. 2002; Feder, Roethele et al. 2003; Brown, Burk et al. 2004; Lai, Nakazato 
et al. 2005; Rako, Anderson et al. 2006; Chang and Noor 2007).  Our linkage maps enable these 
ideas to be tested in the Lucania system.  First, recombination rates in hybrids can be examined 
to determine if reduced recombination is found within these rearrangements.  Population genetic 
analyses, such as FST statistics, can be applied to determine if loci found within the 
rearrangements show higher differentiation.   Second, QTL analyses can determine if genes 
underlying adaptation and reproductive isolation are overrepresented in these rearrangements 
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compared with the rest of the genome.  The combined results of these analyses will allow the 
role of genetic architecture in this speciation event to be determined. 
 
Marker order was not highly conserved for most syntenic pairs (Figure 5.9).  There are several 
reasons for this.  First, this may be an experimental artifact.  Some contigs had multiple L. 
goodei and/or L. parva specific SNPs.  We kept these SNPs in our analysis but added a letter to 
the end to indicate that it was a duplicate.  Since these duplicates came from different areas of 
our contigs, they could be from different exons or even separate paralogs.  We did not take 
duplicate status into account when inferring synteny so some differences in marker order could 
be due to this.  Another potential experimental artifact is the marker order on the L. goodei 
linkage map.  Because L. goodei had fewer informative meioses (only 1/3 of the markers were 
heterospecific in both parents compared to 80% of the markers which were heterospecific in both 
parents in the L. parva linkage map) marker order may not be correct.  We are adding additional 
L. goodei families to fix this problem.   Finally, differences in marker order could be due to 
multiple rearrangements between the species.   It is important to determine if multiple 
rearrangements have occurred, as these could potentially contribute to reproductive isolation.    
 
The gene-based linkage maps described here will enable the use of many genomic techniques in 
the Lucania system such as linkage disequilibrium studies, QTL mapping, synteny-based 
genomic comparisons with other teleost species, and apt selection of molecular markers for 
population genetic studies.  All of these techniques will benefit from the especially dense marker 
placement in our maps (1.49 markers/cM in L. parva and 2.73 markers/cM in L. goodei).  
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Application of these techniques will greatly improve our knowledge of the evolutionary 
processes at work in the Lucania system.   
 
We also found increased recombination in the L. parva genome when compared to the L. goodei 
genome.  This may be an experimental artifact.  The L. goodei linkage map was created with a 
lower number of informative meioses than the L. parva linkage map.  This may have biased the 
map towards shorter marker distances.   Alternatively, it is possible that L. goodei has a lower 
rate of recombination than L. parva.  A potential biological factor influencing this is GC content.   
Genomic GC content has been shown to be positively correlated with recombination rate in 
eukaryotes (Fullerton, Carvalho et al. 2001; Birdsell 2002).   The L. goodei genome may simply 
have a lower GC content than the L. parva genome.  Differing recombination rates have 
potentially important evolutionary consequences.  Recombination rate effects mutation rate, 
genomic heterogeneity, and the evolutionary fate of positive and negative mutations (Jensen-
Seaman, Furey et al. 2004).   Further work is needed to verify whether recombination rates differ 
between the two species and what the causes and consequences are.    
 
In conclusion, we discovered a chromosomal rearrangement between L. goodei and L. parva that 
had previously been suggested, but never verified. Using genetic linkage maps, we showed that 
this chromosomal rearrangement represents a Robertsonian fusion where two acrocentric 
chromosomes became fused into a meta-centric chromosome.  We also found potential evidence 
for an inversion along another set of syntenic chromosomes.  These rearrangements may have 
aided speciation.  These maps will enable the use of numerous genomic techniques to determine 
whether these rearrangements are important for reproductive isolation in Lucania.  The maps will 
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also further a general understanding of the evolution of many other traits (i.e. vision, color 
pattern, salt tolerance, etc.) in this group.       
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CHAPTER 6: THE GENETIC ARCHITECTURE OF 
ADAPTATION AND SPECIATION IN LUCANIA 
 
Introduction 
Gene flow and recombination directly oppose divergence and speciation because they 
homogenize allele combinations that are unique to each population/species (Felsenstein 1981; 
Rieseberg 2001; Ortiz-Barrientos, Reiland et al. 2002; Butlin 2005).  Recombination is not a 
problem in completely allopatric taxa, which by definition lack gene flow and therefore 
recombination.  However, in sympatric or parapatric species, there must be mechanisms that 
oppose or neutralize gene flow so that divergence can continue (Hey 2006; Nosil 2008).  
Chromosomal rearrangements (CRs) may be one of these mechanisms, precluding gene flow and 
promoting divergence by reducing recombination in parts of the genome (White 1978; Trickett 
and Butlin 1994; Noor, Grams et al. 2001; Rieseberg 2001; Ortiz-Barrientos, Reiland et al. 2002; 
Feder, Roethele et al. 2003; Navarro and Barton 2003; Brown, Burk et al. 2004; Butlin 2005; 
Kirkpatrick and Barton 2006; Carneiro, Ferrand et al. 2009).   
 
Chromosomal rearrangements may aid speciation in two ways.  First, they may help bring 
together  (i.e. bring into close physical proximity) and reduce recombination between multiple 
loci involved in a single reproductive isolating barrier or multiple loci involved in local 
adaptation (Noor, Grams et al. 2001; Feder, Roethele et al. 2003; Kirkpatrick and Barton 2006).   
Many reproductive isolating barriers are made up of multiple loci.  For example, behavioral 
isolation may involve both male traits and female preferences which might be underlain by 
separate sets of loci.  Second, they may either bring together and/or shield loci involved in 
multiple traits relating to adaptation and reproductive isolation.  Thus, CRs are also providing 
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physical links between these traits.  This can help evolutionary processes such as the 
development of behavioral isolation (if the genes involved in male traits/preferences and female 
traits/preferences are linked), ecological speciation (if genes involved in adaptation and 
reproductive isolation are linked), and reinforcement (if the genes involved in prezygotic 
isolation and postzygotic isolation are linked) (Trickett and Butlin 1994; Ortiz-Barrientos, Grealy 
et al. 2009). 
 
Research on chromosomal rearrangements has thus far been biased towards chromosomal 
inversions while data on other types of chromosomal rearrangements are scarce.  Inversions are 
chromosomal rearrangements where a segment of the chromosome becomes reversed.  Fusions 
occur when two separate chromosomes become fused into one.  Chromosomal fusions are one of 
the most common types of chromosomal rearrangements (Dumas and Britton-Davidian 2002).  
Fusions severely decrease recombination around the centromere (relegating chiasma to the tips 
of the arms) and can suppress gene flow (Dumas and Britton-Davidian 2002; Franchini, 
Colangelo et al. 2010).   
 
Here, we examine a chromosomal fusion that has occurred between the killifish Lucania goodei 
and L. parva and use QTL analyses to determine its role in their speciation.  We consider the 
potential role of the fusion in: (1) bringing together and/or reducing recombination between loci 
involved in a single trait, (2) bringing together and/or reducing recombination between loci 
involved in male and female preferences (aiding the evolution of behavioral isolation), (3) 
bringing together and/or reducing recombination between loci involved in adaptation and 
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reproductive isolation (aiding ecological speciation), and (4) bringing together and/or reducing 
recombination between loci involved in pre and postzygotic isolation (aiding reinforcement).   
 
Lucania goodei and L. parva are two recently diverged sister species (Duggins, Karlin et al. 
1983; Whitehead 2010). Despite having approximately 98% transcriptome sequence similarity 
(R.C. Fuller unpublished data), these two species differ radically in their salinity tolerance. 
Lucania goodei is found primarily in freshwater sites (restricted mainly to Florida and southern 
Georgia) while Lucania parva can be found in fresh, brackish, and marine habitats as far west as 
central Mexico and as far north as Massachusetts (Lee 1980).  Differential adaptation to salinity 
between the two species is present at multiple life stages (Dunson and Travis 1991; Fuller, 
McGhee et al. 2007; Fuller 2008). Ancestral reconstruction of salinity tolerance suggests that the 
common ancestor of these two species was marine (Whitehead 2010).  The two species have a 
classic parapatric distribution.  In Florida, approximately 15% of L. goodei sites and 17% of L. 
parva sites are sympatric (Fuller and Noa 2008). Generally, allopatric L. goodei populations 
occur in the interior regions of Florida; allopatric L. parva populations occur along the coast; 
sympatric populations occur over large stretches where freshwater rivers meet the coast (Fuller 
and Noa 2008).  Rivers with high levels of dissolved ions also have many sympatric populations.  
The fact that the two species co-exist in areas of sympatry indicates that reproductive isolation is 
well established.  
 
The two species exhibit multiple forms of reproductive isolation (Fuller, McGhee et al. 2007; 
Fuller 2008). Behavioral isolation is present where each species prefers to mate with 
conspecifics.  Extrinsic postzygotic isolation is present where hybrids (back-crosses to L. goodei) 
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have particularly low fitness in salt water.  Intrinsic isolation (i.e. decreased hybrid fitness 
regardless of salinity) is also present. Intrinsic isolation between the two species is asymmetric 
where crosses between L. parva males and L. goodei females produce viable male and female F1 
hybrids, whereas crosses between L. goodei males and L. parva females produce viable F1 
hybrid females, but partially fertile F1 hybrid males.  None of the reproductive isolating barriers 
are complete and there is likely gene flow between the two species.  
 
There are three strong lines of evidence for current gene flow between the two species in 
sympatric populations.  First, morphological F1 hybrids have been found in nature (Hubbs, 
Walker et al. 1943).  Second, hybrids can easily be generated in the lab and most are viable and 
fertile (Fuller, McGhee et al. 2007; Fuller 2008).  Third, ongoing introgression is implicated due 
to the presence of shared mtDNA haplotypes between L. goodei and L. parva within sympatric 
drainages.  However, microsatellite data supports the genetic distinction between these two 
species (R.C. Fuller unpublished data).  Genetic data indicates that the fused chromosome is 
inherited normally and that F1 hybrids have a heterokaryotype (E. L. Berdan, unpublished data) 
 
Here we employ QTL mapping to uncover the genetic architecture of salinity tolerance, species-
specific female preferences/attractiveness, species-specific male preferences/attractiveness, and 
intrinsic isolation in this species pair.   
 
Methods 
Overview 
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The goal of this experiment was to genetically map an ecologically divergent trait (salinity 
tolerance), behavioral isolation (female preference and male attractiveness/preference for each 
species), and intrinsic isolation (reduced male fitness).  We wanted to determine if these traits 
mapped to the same area of the genome and, in particular, if the traits mapped to the fused 
chromosome.  To do this, we created a series of back-crossed hybrids (back-crossed to L. 
goodei), phenotyped the back-crossed offspring for salinity tolerance, female mating preferences, 
male attractiveness/preference, and male fitness, and genotyped the offspring at 495 SNPs for 
QTL mapping.  The SNPs were developed from contigs many of which had known locations in 
the L. goodei and L. parva genomes (see chapter 5 for details on SNP discovery).  Thus, we were 
able to determine which areas of the genome are important in ecological diversification, 
behavioral isolation, and intrinsic isolation.  
 
Experimental Animals 
Adult L. goodei and L. parva were collected from the Oklawaha River at the Boat Ramp at 
Delk’s Bluff near Ocala (Marion County, Florida) in August 2009, May 2010, May 2011, and 
August 2011.  We also used some adult L. goodei and L. parva from the Lower Bridge site on 
the Wakulla River (Wakulla County, Florida) as stimulus animals in mating assays.  These 
animals were collected August 2011.  All individuals were collected using dip nets and seines. 
Animals were transported back to the University of Illinois where they were housed by 
population in 76-liter (20 gallon) aquaria, 110-liter (29 gallon) aquaria, and 568-liter stock tanks. 
In all experiments, our freshwater source was dechlorinated city water (water treated with Start 
Rite).  Fish were fed ad lib daily with frozen brine shrimp.  Lights were maintained on a 
14L:10D cycle.   
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Breeding Design 
We created a series of back-crossed hybrid offspring (back-crossed to L. goodei) that we used for 
QTL mapping.  In September 2009, we set up our F1 crosses.  We performed F1 crosses in both 
directions (F1 – L. goodei ♀ X L. parva ♂ and F1r – L. parva ♀ X L. goodei ♂).  We originally 
set up 5 replicates of each cross.  Each pair of fish was placed in a 38-liter aquarium (10 gallon) 
with four yarn mops that served as spawning substrate.  Tanks were checked for eggs every 2-3 
days.  In November 2009, we added 7 additional replicates - 3 F1 crosses and 4 F1r crosses.  Egg 
checking continued through April 2010.  Eggs were placed in tubs of freshwater and treated with 
dilute methlyene blue (an anti-fungal agent).  After hatching, fry were fed with newly hatched 
Artemia salina.  We recorded the number of eggs that hatched and the number of fry that 
survived to one month.  At one month of age, fry were put into 110-liter (29 gallon) aquaria 
where they were raised to adulthood. 
 
We used the adult F1 offspring to create backcrosses to L. goodei in July - August 2010.  All of 
the L. goodei used in the creation of the back-crosses were from the Delk's Bluff population.  We 
created all four types of backcrosses: BC1- F1 ♀ X L. goodei ♂, BC2- L. goodei ♀ X F1 ♂, 
BC3- F1r ♀ X L. goodei ♂, and BC4- L. goodei ♀ X F1r ♂.  We had ten replicates of each cross 
type.  Each pair of fish was placed in a 38-liter aquarium (10 gallon) with four yarn mops that 
served as spawning substrate.  Tanks were checked for eggs every 2-3 days.  A fraction of the 
eggs were used in salinity tolerance assays and the remainder was raised to adulthood for use in 
mate choice assays.  Husbandry was identical to that described above for the F1 offspring.   
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Salinity Tolerance 
For the salinity tolerance assay, we divided clutches of eggs between fresh water and salt water.  
Half of the eggs were placed in fresh water, and the other half were placed in salt water.  For the 
freshwater treatment, eggs were placed in tubs of fresh water (dechlorinated city water) treated 
with methylene blue (anti-fungal agent).  For the saltwater treatment, eggs were placed in tubs 
containing water at 15 ppt and treated with methylene blue.  Our saltwater source was reverse 
osmosis water from a 4 stage barracuda RO/DI unit (Aqua Engineering and Equipment, Winter 
Park, Florida) to which we added Instant Ocean® Sea Salt (Spectrum Brands, Atlanta, GA) to 
achieve the desired salinity. Salinity was verified with an YSI-63 salinity meter (YSI Inc., 
Yellow Springs, OH).  After hatching, fry were fed with newly hatched Artemia salina.  All 
offspring were raised to one month of age and euthanized with MS-222 (Argent Chemical 
Laboratories, Redgemont, WA).  Offspring were stored in ethanol at -20° C until subsequent 
DNA extraction.  We recorded the number of eggs that hatched and the number of fry that 
survived to one month.   
 
Behavioral Isolation: Female Mating Preference 
We assayed adult female back-crossed offspring for female mating preferences in June and July 
of 2011.  We used a no-choice mating assay which has been used successfully in previous 
studies of behavioral isolation in Lucania (Berdan and Fuller 2012, Fuller, McGhee et al. 2007).  
Backcrossed females were placed in a 38-liter (10 gallon) aquarium with a stimulus male - either 
a male L. goodei or a male L. parva.  All of the stimulus males came from the Delk's Bluff 
populations.  All tanks were provided with four yarn mops that served as spawning substrate.  
This resulted in 8 experimental treatments (four types of females and two types of males).  We 
endeavored to have 5 replicates of each but actual replication varied depending on availability of 
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fish.  We conducted the following number of replicates: assays with L. goodei males BC1 - 11, 
BC2 - 3, BC3 - 7, BC 4 - 4; assays with L. parva males BC1 - 3, BC2 - 4, BC3 - 4, BC4 - 3 
resulting in 39 tanks total.  These tanks were checked for eggs every 2nd day for 21 days.  From 
this data, latency to mate and average egg production was calculated.  At the end of the 
experiment all females were euthanized with MS-222 and stored in ethanol at -20° C. 
 
Behavioral Isolation: Male Attractiveness/Preference 
We assayed male back-crossed offspring for male preference/attractiveness in August and 
September of 2011.  Here, we also used a no-choice mating assay.  Backcrossed male offspring 
were placed in a 38-liter (10 gallon) aquarium with a stimulus female - either a female L. goodei 
or a female L. parva.  We originally planned for all of the stimulus females to come from the 
Delk’s Bluff population.  However, low abundance of L. parva at that site in August 2011 
rendered this impossible.  We created as many tanks as possible using Delk’s females (12 tanks: 
6 with L. goodei females, and 6 with L. parva females), and we used female L. goodei and L. 
parva from the Lower Bridge population for the remaining 28 tanks.  Delk’s Bluff and Lower 
Bridge are both sympatric freshwater sites.  We endeavored to create equal replication for each 
female species X male backcross combination but actual replication varied depending on 
availability of fish.  We conducted the following number of replicates: assays with Delk's Bluff 
L. goodei females BC1 - 3, BC2 - 1, BC3 - 1, BC4 - 1; assays with Delk's Bluff L. parva females 
BC1 - 2, BC2 - 1, BC3 - 2, BC4 - 1; assays with Lower Bridge L. goodei females BC1- 4, BC2 - 
2, BC3 - 6, BC4 - 4; assays with Lower Bridge L. parva females BC1 - 5, BC2 - 1, BC3 - 5, BC4 
- 2. This resulted in 40 tanks total.  Tanks were checked every other day for eggs.  Latency to 
mate and egg production data were calculated and served as indices of male 
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attractiveness/female choice.  Males were paired with a given female for 20 days, and then 
subsequently paired with a female of the opposite species (but from the same population). Thus, 
every male was tested with both species of female with the exception of four males that were 
euthanized early and thus only tested with one species of female. Total sample size of male 
hybrids assayed with L. goodei females was 36.  Sample size of male hybrids assayed with L. 
parva was 40.  After a male had been tested with both species of females, he was euthanized 
with MS-222 and stored in ethanol at -20° C. 
 
Intrinsic Isolation - Reduced Male Fitness 
Previous work on Lucania indicates that a large genetic incompatibility is segregating between 
the two species that results in some hybrid males having drastically reduced fitness (Fuller 
2008).  Male F1r hybrids (L. parva female x L. goodei male) have nearly half of their offspring 
die during the first few days of development compared with male F1 hybrids (L. goodei female x 
L. parva male).  This incompatibility is also evident among back-crossed males (see below).  We 
assayed the survival of eggs spawned by the various back-cross males.  For brevity's sake, we 
call this trait 'male fitness'.  For each of the males in the behavioral isolation assay, we saved the 
resulting eggs and measured their survival until hatching.   
 
DNA extraction 
 
DNA was extracted using a modified version of the PureGene (Gentra Systems, 
www.gentra.com) extraction protocol over four days.  On the first day, tissue samples were 
placed in 600 µl of cell lysis solution (0.1 M Tris, 0.077 M EDTA, and 0.0035 M sds) with 3 µl 
of Protinease K (20 mg/ml).  The sample was vortexed and kept at 65° C overnight.  On the 
second day, 200 µl of protein precipitation solution (Qiagen, Valencia, CA) was added and the 
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sample was vortexed and then stored at 4° C overnight.  On day three, the sample was 
centrifuged at 12.6 rpm for 5 minutes and then the supernatant was removed leaving behind the 
protein pellet.  Six hundred µl of isopropanol was added and the sample was kept at -20° 
overnight.  On the final day the sample was centrifuged at 12.6 rpm for 4 minutes to precipitate 
the DNA.  The supernatant was removed and 600 µl of 70% ethanol was added.  The sample was 
vortexed and then centrifuged again.  The ethanol was removed and the pellet was allowed to dry 
and then rehydrated with 30 µl of TE.  Sample concentration and quality were verified using a 
Nanodrop spectrophotometer.   
 
DNA was extracted from 173 offspring from the salinity tolerance assay (79 freshwater, 94 
saltwater), 40 males from the male behavioral isolation and intrinsic isolation assays, and 33 
females from the female behavioral isolation assay.  
 
SNP Genotyping 
Species-specific SNPs were designed for the Illumina Infinium assay as described in Chapter 5.  
DNA samples were genotyped at all SNPs using an Illumina Infinium Bead Chip custom 
designed for Lucania.  Bead chips were scanned using the iScan System (Illumina) at the Keck 
Center for Comparative and Functional Genomics at the University of Illinois.  Raw data from 
the Infinium assay were changed to genotype calls using Illumina GenomeStudio software 
v2011.1.  Cluster positioning was done automatically for species-specific SNPs.  Afterwards 
cluster positioning was checked manually and minor adjustments were made to optimize 
genotype calls.  The no-call threshold was set to 0.15 and genotype calls were exported as 
spreadsheets. 
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QTL mapping- intrinsic isolation and behavioral isolation- overview 
We searched for individual and epistatic QTLs that underlay male fitness, male 
preferences/attractiveness, and female preferences/attractiveness.  All analyses were performed 
using R/qtl in R (Broman, Wu et al. 2003). 
 
Traits mapped 
We performed QTL analyses separately for all traits.  Traits involved in behavioral isolation 
were separated by species as loci underlying L. parva species recognition might be different than 
traits underlying L. goodei species recognition.  We also analyzed our two measures of 
behavioral isolation, egg production and latency to mate, separately. Thus we had 8 traits that we 
mapped for behavioral isolation:  male preference/attractiveness to each species as evidenced by 
egg production and latency to mate (4 traits), female preference/attractiveness to each species as 
evidenced by egg production and latency to mate (4 traits).  For each of these traits, egg 
production was measured as the average number of eggs produced per day and latency was 
measured by 1/(days until mating).  For both measures, small values indicated little 
preference/attractiveness and large values indicated strong preference/attractiveness. Trials 
where no mating occurred were given a latency of 21 days until mating because the individual 
trials ran for 20 days.  This is a conservative measure.  The frequency of this outcome (no eggs 
lain) varied by hybrid sex (male or female) and the species they were placed with (L. goodei or 
L. parva).   This was a more common outcome with hybrid females occurring in 25% of the trials 
with L. goodei males and 37% of the trials with the L. parva males.   For hybrid males 11% of 
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the trials with L. goodei females produced no eggs compared with 48% of the trials with L. parva 
females.   
 
QTL for species specific traits originate in the L. goodei and L. parva genomes.  At all loci 
hybrids can be heterozygous (i.e. have one L. gooodei copy and one L. parva copy) or 
homozygous (have two L. goodei copies).   Thus individuals should be more “parva-like” when 
heterozygous and more “goodei-like” when homozygous at any one locus. We considered a QTL 
to be a 'preference loci for L. parva' if preference for L. parva increased when the hybrid was 
heterozygous for the QTL (i.e. one allele was from L. goodei and one allele was from L. parva).  
We considered a QTL to be a 'preference loci for L. goodei' if preference for L. goodei increased 
when the hybrid was homozygous for the QTL (i.e. both alleles were from L. goodei).  We also 
analyzed male fitness which was defined as the proportion of offspring that survived until 
hatching given the number of eggs originally spawned. 
 
Individual QTL mapping 
We used interval mapping to search for individual QTLs in all of our data sets using the 
calc.genoprob and scanone procedures in R/qtl.  We used the L. parva linkage map.  In other 
words, we assumed that the contigs were in the same order as the L. parva linkage map. The 
calc.genoprob procedure calculates the probability of each individual’s genotype at each loci 
based on the genotypes of the two surrounding loci.  The scanone procedure takes this 
information and calculates the probability that there is a QTL at each locus.  Scanone outputs 
LOD (Log of Odds) scores for all possible QTLs and we calculated significance thresholds at 
α=0.01, 0.05, and 0.10 by performing 1,000 permutations on our data using the Haley-Knott 
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regression which decreases computation time (Haley and Knott 1992).  We included all QTLs 
that met the 0.10 significance threshold in our models. 
 
Epistatic and additive QTL mapping 
We searched for pairs of epistatically interacting loci using the scantwo procedure in R/qtl.  
Scantwo tests all possible pairs of chromosomes.  For each pair, scantwo compares the fit of a 
model in which there are two interacting loci on the pair of chromosomes to a model where there 
are no QTL.  The scantwo procedure outputs multiple LOD scores.  LODf examines the fit of the 
full two locus model (including epistasis) over the null model (no QTLs). LODa measures the fit 
of a two locus additive over the null model. LODi indicates the fit of LODf over LODa and thus 
measures whether or not the interaction is significant.  We decided whether or not to include 
each epistatic pair in our final model based on the LODi and LODf scores.  We calculated 
significance thresholds at α=0.01, 0.05, and 0.10 by performing 1,000 permutations using our 
data with the Haley-Knott regression.  To be included in our results as epistatic loci, a pair of loci 
had to have significant LODi and LODf scores.  To be included in our results as additive QTLs, 
a pair of loci had to have a significant LODa score.  
 
Finally, for all models and for all individual QTLs, we calculated the percent variation that they 
explained.  We used fitqtl in R/qtl which takes a user specified QTL model and uses a drop-one-
term approach to determine the amount of variance explained by each term in the model.   
 
QTL mapping – salinity tolerance 
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QTLs for salinity tolerance could not be detected using interval mapping as we had no 
measurable phenotype.  We had tissue samples only from fry that survived in either fresh or salt 
water.  Instead, we wanted to find loci with different marker distributions in freshwater vs. 
saltwater.  To do this we used the analysis of variance method (also called marker regression).  
We used the marker distribution of any one locus as the response variable and context 
(freshwater or saltwater) and backcross type as our explanatory variables.  As only two 
genotypes were possible at any one marker (due to our backcross design), we assumed a 
binomial distribution.  These analyses were performed in R.   
 
We ran our output through fdrtool (Strimmer 2008) in R to estimate tail-based FDR rates using a 
genome wide error rate of α = 0.10.  We then examined the marker distribution of all loci that 
fell above our cutoff.  We predicted that loci involved in salinity tolerance should show an 
excess of L. parva markers at high salinity compared to fresh water.  All loci above our cutoff 
that showed this distribution (i.e., a significant increase in L. parva specific markers in salt 
water) were labeled as salinity tolerance loci. 
 
Results 
 
Salinity Tolerance 
Overall survival of back-crossed offspring to one month of age was 0.315 ± 0.03 SE which was 
similar to previous estimates (Fuller 2008).  Survival was nearly 2X higher in fresh water (0.394 
± 0.04 SE) than in salt water (0.209 ± 0.04 SE) which also matches with previous work (Figure 
6.1; Fuller 2008).  We localized four putative QTL explaining higher survival at 15 ppt (Figure 
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6.7).  Two of these putative QTL mapped to linkage group 23 (of the L. parva linkage map), and 
the other two mapped to linkage group 2.  None mapped to the fused chromosome.   
 
Intrinsic isolation 
Male fitness (i.e. survival of male offspring to hatching) was not affected by the species of the 
female (Figure 6.2; Binomial model: χ2= 0.29, P =0.587, correlation analysis of male fertility 
with different females: ρ = 0.752, P = 0.003). Male fitness varied greatly between males and 
ranged from 0% to 95%.  We localized one individual QTL (linkage group 3) and 3 pairs of 
epistatic loci (linkage groups 1, 6, and 9).  On its own, the single QTL on linkage group 3 
accounted for 25% of male fitness.  Taken together, the epistatic and individual QTL explained 
76.4% of the variance (Table 6.2).    
 
Behavioral isolation – male preferences/attractiveness 
Male latency to mate and male egg production were highly dependent on the species identity of 
the female.  Males mated more quickly and produced more eggs with L. goodei females than 
with L. parva females (Figures 6.3 and 6.4; Binomial model output: latency- χ2= 10.63, P 
=0.001, egg production - χ2= 53.43, P <0.0001).  We did not localize any QTLs explaining male 
latency to mate with L. parva females, but we did detect QTL for male egg production with L. 
parva females.  Two individual QTLs, two additive QTLs, and 3 pairs of epistatic loci explained 
35.2% of the variance (Table 6.1, 6.2).  These QTL were found on linkage groups 1, 2, 6, 7, 11, 
16, and 19.  Taken individually, the QTL on linkage groups 6 and 11 explained the largest 
proportion of the variance.  For male attractiveness/preference to L. goodei females, we 
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identified QTL for both latency to mate and egg production.  For male latency to mate with L. 
goodei females, we found two pairs of epistatically interacting QTL that together accounted for 
28.7% of the variance in this trait.  These QTL were located on linkage groups 1, 2, and 6.  For 
male egg production with L. goodei females, we found two individual QTLs that explained 
33.9% of the variance in egg production with L. goodei females.  These were located on linkage 
groups 1 and 2.   
 
Behavioral isolation – female preferences/attractiveness 
Surprisingly, the mating preferences/attractiveness of hybrid females were not influenced by the 
species of male with which they were placed.  Backcrossed females placed with either L. goodei 
or L. parva males took equally long to mate and produced similar amounts of eggs (Figures 6.5 
and 6.6; Binomial model: latency- χ2= 0.0, P =0.945, egg production - χ2= 0.1, P =0.751).  We 
were unable to localize any QTLs involved in female mating preferences/attractiveness as 
indicated by egg production.  However, we did find QTLs underlying female mating 
preferences/attractiveness as measured by latency to mate with both species of males.  Additive 
QTLs explained 18.5% of the variance in latency among hybrid females to mate with an L. parva 
male (Table 6.2).  These QTLs were found on linkage group 7.  One pair of epistatic loci and two 
additive QTLs explained 99.9% of the variance among hybrid females in latency to mate with an 
L. goodei male.  
 
Discussion 
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In this study we localized 20 QTLs underlying behavioral isolation, 7 QTLs underlying intrinsic 
isolation, and 4 QTLs underlying salinity tolerance.  QTLs often co-localized with each other 
indicating that reduced recombination may have aided this speciation event.  Of the seven traits 
that we mapped, five of them had at least one QTL that mapped to the fused chromosome 
(linkage group 1).   Both intrinsic isolation and behavioral isolation mapped to linkage groups 1 
and 6.  Salinity tolerance mapped to linkage groups 2 and 23.  Behavioral isolation also mapped 
to linkage group 2, but no elements of reproductive isolation mapped to linkage group 23.  
Behavioral isolation on the part of males and females frequently mapped to the same areas of the 
genome.  Below, I discuss the implications of these results for divergence and speciation in 
Lucania. 
 
Ecological Speciation - Salinity Tolerance 
My original hypothesis for my doctoral work was that ecological selection as a function of 
salinity tolerance was critical to speciation in this group.  Currently, I have little evidence to 
support this hypothesis.  I found four QTL that accounted for increased salinity tolerance at high 
salinity (15 ppt).  Of these four, only one was associated with reproductive isolation.  
Specifically, the salinity tolerance QTL towards the end of linkage group two is linked to a QTL 
that is associated with increased male preference/attractiveness to L. parva.   
 
A few caveats must be mentioned.  First, I only considered survival during the early egg/larval 
stage.  Also, the two habitats of L. goodei and L. parva differ in other environmental variables 
besides salinity (Fuller and Noa 2008).  One of these variables may have driven speciation in 
Lucania.  Still, even with these caveats, there is a stark lack of relationship between salinity 
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tolerance and reproductive isolation.  I found a similar result in chapter 3 where I investigated 
the expression of behavioral isolation in different salinities.  The genetic relationship between 
reproductive isolation and salinity tolerance is weak.   
 
Chromosomal rearrangements and speciation 
The second hypothesis that fueled my dissertation was that chromosomal rearrangements were 
critical in reducing recombination and creating tight linkage between genes important for 
reproductive isolation.  Here, there was more support for my original hypothesis, although the 
chromosomal rearrangements were not implicated for salinity tolerance.  QTLs for intrinsic 
isolation, male preferences/attractiveness for both species (behavioral isolation), and female 
preferences/attractiveness for L. goodei (behavioral isolation) were all found on the fused 
chromosome.    Moreover, they were all found towards the center of the chromosome where 
recombination is predicted to be lowest (Dumas and Britton-Davidian 2002).   However, all of 
these loci were found on one arm (they were all north of the putative centromere) which 
corresponds to L. goodei linkage group 13. The fact that QTL for reproductive isolation were not 
found widely distributed across linkage group 1 (i.e., on both arms) suggests that the 
chromosomal fusion aided speciation by reducing recombination as opposed to bringing 
previously unlinked genes together.   However, intrinsic isolation and behavioral isolation also 
mapped to linkage group 6 that showed little evidence of a chromosomal rearrangement (Chapter 
5).  Below, I discuss the implications of co-localization of behavioral isolation and intrinsic 
isolation.  
 
Development of Behavioral isolation 
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One of the most striking patterns in this study was that species-specific preferences frequently 
mapped to the same area of the genome.  There are two distinct patterns of co-localization.   
First, behavioral isolation for each species frequently mapped to the same area of the genome.  
There is no reason a priori why this should be as we measured preference/attractiveness to each 
species separately in a no-choice mating assay.  Although each male was tested with each species 
of female, mating success with L. goodei and L. parva were not correlated (egg production: ρ = 
0.167, P = 0.33, latency ρ = 0.284, P = 0.094).   The disadvantage of a no-choice mating assay is 
that it can be conservative.  When given only one individual of the opposite sex, a fish has a 
choice between mating or not mating.  In this situation, animals will frequently engage in 
matings that they would not otherwise pursue (e.g. the jail effect).  However, the advantage of a 
no-choice mating assay is that you can measure mating preferences independently.  In a two-
choice assay where an individual can choose which species to associate in a dichotomous choice 
arena, preference for one species a priori results in disdain for the other.  Our mating assay had 
the advantage of testing for the independent, genetic basis of preference/attractiveness for both 
species.  
 
For hybrid males, there were 8 areas of the genome associated with preference for L. parva, and 
four of these were also associated with preference for L. goodei.  Similarly, for hybrid males, 
there were six areas of the genome associated with preference for L. goodei four of which were 
associated with preference for L. parva.  However, for hybrid females, there were no areas of co-
localization of mating preference/attractiveness.  The pattern of strong co-localization of male 
species-specific attractiveness/preference indicates that there may be loci important in genuinely 
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distinguishing between the two species (i.e. species recognition loci) as opposed to simply being 
attracted to one of the two species.    
 
Second, male and female mating preferences/attractiveness frequently co-localized.  Again, for 
hybrid males there were 8 areas of the genome associated with preference for L. parva, and two 
of them were associated with female mating preferences for L. parva. There were only two QTL 
for preference for L. parva females and these were both associated with preference for L. parva 
males.  Similarly, there were 6 areas of the genome associated with male hybrid 
preference/attractiveness to L. goodei females, and two of these areas were important for female 
hybrid preference/attractiveness to L. goodei males.   
 
Tight linkage between male preferences/attractiveness and female preferences/attractiveness is 
important for speciation.  Speciation in the face of gene flow requires maintaining gene 
complexes involved in reproductive isolating barriers.  With behavioral isolation, this means that 
genes for species-specific mating prefences and genes for species-specific signals must be non-
randomly associated with one another.  This non-random association between preference and 
signal genes can happen much more easily if the genes occur in close proximity to one another.  
Here, we found good evidence that a large fraction of these genes co-occur together.  This is in 
agreement with previous studies which have found genetic links between male traits and female 
preference (Marcillac, Grosjean et al. 2005; Kronforst et al. 2007; Shaw and Lesnick 2009).   
 
Throughout this chapter, we have used the term 'preference/attractiveness' to describe the 
outcome of our mating assays.  Our system is unique in that males exert strong preferences 
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(chapters 3 and 4).  Hence, discerning whether these are QTL for preferences or for 
attractiveness (i.e. courtship, appearance, etc.) is difficult.  As males and females both exert 
preferences, these measures are likely a mix of four traits:  female preferences, female 
attractiveness, male preference, and male attractiveness.   If these QTL reflect only the genetic 
basis of male mating preferences, then our results suggest that male and female mating 
preferences are partially linked.  One possibility is that male and female mating preferences 
share a common neurological pathway (i.e. they are pleiotropic) and that this partially accounts 
for the strong pattern of co-localization.  At the other extreme, one might argue that we only 
have QTLs for male and female attractiveness.  The big picture is that all of these QTL confer 
behavioral isolation in some way.  Behavioral isolation as a whole is a complex trait underlain by 
at least 20 QTLs.   Introgression of any species-specific QTL into the genetic background of the 
other species would decrease the strength of behavioral isolation.  Thus, linkage disequilibrium 
between these QTLs helps to maintain behavioral isolation.  
 
Postzygotic isolation and reinforcement 
For reinforcement to occur, genes involved in prezygotic and postzygotic isolation must become 
associated (Ortiz-Barrientos, Grealy et al. 2009; Servedio 2009).  If hybrids are at least partially 
fertile (as they are in Lucania), then recombination can break down associations between alleles 
involved in postzygotic isolation (decreased fitness in hybrids) and alleles involved in prezygotic 
isolation.  If this happens then alleles involved in postzygotic isolation may be selected out of the 
population and prezygotic isolation may collapse because there is no longer a “penalty” for 
mating with a heterospecific.  One way to prevent this is for the two groups of genes to be 
physically linked thus lowering recombination between them and promoting reinforcement 
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(Felsenstein 1981).   Another way to prevent postzygotic isolation alleles from being selected out 
of the population is for them to lie in areas of low recombination themselves (Noor, Grams et al. 
2001).  If these alleles cannot be selected out, they remain in association with alleles for 
prezygotic isolation.  We see both of these patterns in our data.  Two out of 4 loci (on 
chromosomes 1 and 6) underlying male fitness co-localize with loci involved in male 
preferences/attractiveness.  The remaining two loci (on chromosomes 3 and 9) lie in areas of low 
synteny (see chapter 5) that likely undergo reduced recombination as a consequence.  We have 
previously shown that reinforcement of male mate choice has occurred in the Lucania system 
(Chapters 3 and 4).  Linkage disequilibrium between prezygotic and postzygotic isolation 
mechanisms is critical for reinforcement and was likely caused by actual genetic linkage and 
reduced recombination in the Lucania system.   
 
Speciation in Lucania 
Here, at the end of my dissertation, I would like to speculate as to how speciation occurred in 
Lucania.  Adaptation to fresh water versus euryhaline conditions clearly plays a role in 
reproductive isolation between L. goodei and L. parva to the extent that it prevents them from 
being sympatric.  Geographic isolation (where species do not occur in the same area) is very 
strong in Lucania.  In Florida, 15-20% of L. goodei and L. parva populations are sympatric, but 
this means that 80-85% of the populations are allopatric.  Most sympatric populations occur in 
mildly brackish water or freshwater sites close to the coast.  Most allopatric L. parva populations 
occur in saltwater (Dunson and Travis 1991).  Thus, salinity plays a role in this geographic 
isolation. When the two species do co-occur, salinity appears to have little influence on 
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behavioral isolation (chapter 3).  The genes underlying salinity tolerance do not appear to be 
associated with either behavioral or intrinsic isolation (as hybrid sterility).   
 
It is possible that divergent selection for salinity tolerance has led to Bateson Dobzhansky Muller 
genetic incompatibilities that are unrelated to salinity tolerance.  In this case, the expression of 
the genetic incompatibilities would preclude their detection via our salinity assays because they 
have already been selected out (i.e. offspring carrying them have already died).  This intrinisc 
isolation (as hybrid inviability) may then have fueled reinforcement.  This would lead to a link 
between salinity tolerance and behavioral isolation, albeit a profoundly weaker one (Smadja and 
Butlin 2011).   We have preliminary data that salinity tolerance may cause intrinsic isolation.  
Populations of L. parva adapted to fresh and salt water have evolved low levels of intrinsic 
isolation (Kozak, Rudolph et al. 2012).  We are currently studying the genetic basis of these 
traits.  
 
Regardless of the origin of intrinsic isolation, I found strong support for reinforcement playing a 
major role in this speciation event.   In my dissertation, I have provided two lines of evidence for 
reinforcement.  In chapter 3, I showed that the direction of asymmetry in behavioral isolation (L. 
goodei males rarely court L. parva females) matches an asymmetry in postzygotic isolation.  In 
chapter 4, I showed that males from sympatric populations are less likely to court heterospecifics 
than are males from distantly allopatric populations suggesting that there has been selection for 
increased species recognition in sympatry.  My genetic work shows that the various forms of 
behavioral isolation tend to co-segregate within the genome and that the fused chromosome is 
important for both intrinsic isolation and behavioral isolation. 
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In my thesis I do not account for the evolution of the chromosomal rearrangement, its spread to 
fixation within a population, and its subsequent spread throughout the Gulf of Mexico and along 
the Atlantic seaboard.  When the fusion first arose in a single individual, it most likely would 
have been slightly underdominant.  There are two ways for a fusion to become fixed within a 
population.  First, if the population is small and the fitness reduction minor, then the 
chromosomal fusion may potentially drift to fixation (Lande 1985).  Second, if the chromosomal 
rearrangement contains at least two adaptive loci, then selection should cause it to increase 
within a population (Kirkpatrick and Barton 2006).  Discerning between these two hypotheses is 
beyond the scope of my work here and requires future study.   
 
Like many studies of speciation, my work suffers from the fact that speciation has already 
occurred.  There are many areas of the genome implicated in reproductive isolation, and we 
simply don't know which changes evolved first.  Similarly, we do not know whether behavioral 
isolation or intrinsic isolation arose first, although I am suggesting that intrinsic isolation arose 
first which resulted in reinforcement.  Fortunately, we are investigating divergence at the among 
population level in both L. parva and L. goodei.  By comparing the evolution of reproductive 
isolation at multiple points in evolutionary time (between species, between populations, etc.), we 
may hope to gain insight into how speciation occurs in nature.  Work with L. parva supports my 
hypothesis that intrinsic isolation proceeds behavioral isolation (Kozak et al. 2012; Kozak 
unpublished results).  Going forward, I will continue to examine genome organization, the extent 
to which it results in unique evolutionary phenomena (i.e. decreased hybrid fitness among 
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populations), and the extent to which this selects for traits and preferences that differ between 
newly emerging species. 
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TABLES AND FIGURES 
 
Figure 1.1. Populations used in these studies.  Shown is a map of Florida with all allopatric L. 
goodei sites coded as blue squares, allopatric L. parva sites as yellow ciricles, and sympatric sites 
as red triangles.   Population names are coded as follows (from left to right):  GC- Gulf Coast, 
UB – Upper Bridge, LB – Lower Bridge, 3F – 3 Fingers, BS – Blue springs, DB – Delk’s Bluff, 
SS – Salt Springs, IR- Indian River. 
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Table 2.1.  Collection Site Information 
 
Abbreviation Site Drainage County Site Type 
Type of 
Fish 
Collected 
Salinity 
(ppt) pH 
3F+ 3 Fingers Wakulla River Wakulla 
Spring fed 
river 
L. parva and 
L. goodei 
0.2 
8.2 (9.1 at 
time of 
labanimal 
collection) 
BS Blue Springs Santa Fe River Gilchrist 
Spring fed 
river 
L. goodei 0.2 8.1 
DB Delk's Bluff St. John's River Marion 
Spring fed 
lake 
L. parva and 
L. goodei 0.2 8.5 
LB+ Lower Bridge 
Wakulla 
River Wakulla 
Spring fed 
river 
L. parva and 
L. goodei 
0.2 8.1 
LP+ Lighthouse Pond 
Wakulla 
River Wakulla 
Coastal 
Brackish/Sal
twater pond 
L. parva 
65 (25.8 at 
time of lab 
animal 
collection)
* 
8 
MP Mound's Pond 
Wakulla 
River Wakulla 
Coastal 
Fresh/Bracki
sh water 
pond 
L. parva 7.2 Not recorded 
UB+ Upper Bridge 
Wakulla 
River Wakulla 
Spring fed 
river 
L. goodei 0.1 8.1 
 
*Lighthouse Pond was undergoing a dry down event when the salinity was 65 ppt (normal 
seawater is 34-34 ppt).   
+ indicates sites where fish were collected both for the field survey and for the experiments.  
Sites whose abiotic conditions changed over time are denoted.  Site values in parentheses reflect 
the conditions when experimental animals were collected. 
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Table 2.2.  Primers used in this study 
 
 
Gene Forward (5′–3′) Reverse (5′–3′) 
Na+/K+-ATPase-
α1a 
AAG ATC ATG GAG TCC TTT AAG AAT 
CTG CAC CTC CTC TGC ATT GAT GCT 
Na+/K+-ATPase-
α1b CAG TCA TGG GTC GGA TTG CT TGG AGT GCG TCC AAC CTC TAG 
NKCC1 CCC GCA GCC ACT GGT ATT GCC ATC TGT GGG TCA GCA A 
GR GTA CCA AAA GAA GGC CTG AAG TG CCT TGA TGT AAG TCA TCC TGA TCT CA 
H+-ATPase TGA AGT TCA AGG ACC CGG TTA CTG CGC GTA CTC GCC TTT 
CA2 AGG GCT GAC GCT GAT TGG CCT CTG CTG GAA AGC GTT ACC 
14-3-3-a CAA CGA GGA GCG CAA CCT CGG GCA CCC ACA ACA TTC 
EF1α GGG AAA GGG CTC CTT CAA GT ACG CTC GGC CTT CAG CTT 
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Table 2.3. F- Statistics for the field survey with p-values in parentheses.  Significant values 
(p<0.05) are in bold.  
 
Gene Species Population (Species) 
Saltwater Genes  
Na+/K+-ATPase 1a F1,15 = 16.3 F7,15=2.25 
 (0.0011) (0.0883) 
   
Na+/K+-ATPase 1b F1,16=0.67 F7,16=2.41 
 (0.4265) (0.0684) 
   
GR F1,17=1.15 F7,17=2.49 
 (0.2992) (0.0590) 
   
NKCC1 F1,17=5.04 F7,17=1.07 
 (0.0383) (0.4207) 
   
Freshwater Genes  
CA2 F1,13=21.95 F7,13=2.69 
 (0.0004) (0.0583) 
   
H+-ATPase F1,13=0.08 F7,13=1.92 
 (0.7798) (0.1462) 
   
14-3-3 F1,17=0.34 F7,17=1.28 
 (0.5692) (0.3183) 
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Table 2.4.  F-Statistics for the salinity challenge experiment with p-values in parentheses.  
Significant values (p<0.05) are in bold. 
 
 
 
Gene Species 
Population 
(species) Salinity 
Salinity * 
Species 
Salinity * Population 
(species) 
 
Saltwater Genes     
Na+/K+-
ATPase 1a F1,18=40.44 F2,18=0.05 F2,18=3.13 F2,18=.35 F4,18=5.38 
 (<.0001) (0.9546) (0.0681) (0.7114) (0.0050) 
      
Na+/K+-
ATPase 1b F1,18=21.68 F2,18=1.23 F2,18=0.12 F2,18=1.40 F4,18=2.36 
 (0.0002) (0.3163) (0.8848) (0.2720) (0.0926) 
      
GR F1,16=8.19 F2,16=0.26 F2,16=1.02 F2,16=0.38 F4,16=2.01 
 (0.0113) (0.7744) (0.3831) (0.6895) (0.1420) 
      
NKCC1 F1,22=51.25 F2,22=0.51 F2,22=25.16 F2,22=1.46 F4,22=0.84 
 (<.0001) (0.6062) (<.0001) (0.2528) (0.5136) 
      
Freshwater Genes     
CA2 F1,20=13.10 F2,20=3.28 F2,20=9.30 F2,20=.77 F4,20=2.63 
 (0.0017) (0.0584) (0.0014) (0.4753) (0.0658) 
      
H+-ATPase F1,22=0.50 F2,22=1.46 F2,22=3.06 F2,22=0.40 F4,22=0.18 
 (0.2340) (0.2539) (0.0672) 0.6776 (0.9453) 
      
14-3-3 F1,20=0.01 F2,20=0.36 F2,20=1.20 F2,20=0.41 F4,20=1.20 
 (0.9229) (0.7005) (0.3228) (0.6722) (0.3417) 
      
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 116 
Table 2.5. Primer Efficiencies 
 
Gene 
L goodei 
efficiency 
L. parva 
efficiency 
CA2 1.82 1.95 
ATPase1A 1.98 1.9 
ATPase1B 2.05 2 
EF1-α 1.98 2.06 
GR 1.95 1.94 
NKCC1 2.13 2.06 
VATPASE 1.91 1.93 
14-3-3 2.15 2.18 
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Figure 2.1.  Population variation in field caught animals.  Expression of (A) Na+/K+-ATPase 1a, 
(B) Na+/K+-ATPase 1b, (C) GR, (D) NKCC1, and (E) CA2 normalized to EF1α then log 
transformed.  Bars indicate ± SE.  Note the change in y-axis scale between panels.  3F – 3 
Fingers, DB – Delk’s Bluff, LB – Lower Bridge, BS – Blue Springs, MP – Mound’s Pond, and 
LP – Lighthouse Pond.  Panels A-D represent saltwater genes while panel E represents a 
freshwater gene. Asterisks denote statistically significant differences. 
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Figure 2.2.  Expression of genes involved in saltwater osmoregulation in salinity challenge 
animals.  Expression of (A) Na+/K+-ATPase 1a, (B) Na+/K+-ATPase 1b, (C) GR, and (D) 
NKCC1 normalized to EF1α then log transformed. Species means averaged across populations 
are shown. Bars indicate ± SE.  Note the change in y-axis scale between panels.  Letters denote 
Tukey groups.  Tukey groups with different letters are significantly different from each other. 
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Figure 2.3.  Expression of freshwater genes in salinity challenge animals. 
Expression of (A) CA2, (B) H+-ATPase, and (C) 14-3-3a normalized to EF1α then log 
transformed.  Species means averaged across populations are shown. Bars indicate ± SE.  Note 
the change in y-axis scale between panels.  Letters denote Tukey groups.  Tukey groups with 
different letters are significantly different from each other. 
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Figure 2.4.  Location variation in field caught animals.  RNA expression of (A) VATPase and 
(B) 14-3-3a normalized to EF1α then log transformed.  Bars indicate ± SE.  Note the change in 
y-axis scale between panels.  3F – 3 Fingers, DB – Delk’s Bluff, LB – Lower Bridge, BS – Blue 
Springs, MP – Mound’s Pond, and LP – Lighthouse Pond. 
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Table 3.1. Type 3 analysis of generalized linear model of egg production and latency to mate 
assuming a gamma distribution and a log link function. For egg production, N=64, deviance / df 
= 0.8156. For latency to mate, N=32, deviance / df = 0.5646.  
 
 
  Egg 
Production 
Latency to 
Mate 
Parameter DF Χ2 P Χ2 P 
male species 1 9.06 0.0026 0.01 0.9404 
salinity 1 3.97 0.0465 3.74 0.0533 
male*salinity 1 1.02 0.3126 1.29 0.2565 
female species 1 2.08 0.1493 3.45 0.0633 
male species*female species 1 7.44 0.0064 9.85 0.0017 
salinity*female species 1 4.04 0.0444 4.88 0.0272 
male species*salinity*female 
species 1 0.56 0.4525 1.40 0.2372 
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Table 3.2. Total aggression between males in conspecific male pairs. Male pair refers to either 
the conspecific L. goodei or conspecific L. parva pair. Female species refers to whether the male 
pair was tested with an L. goodei or L. parva female.  N = 69. deviance/df = 1.27.   
 
 
Parameter DF χ2 P 
male pair 1 15.01 0.0001 
female species 1 9.05 0.00026 
male pair*female species 1 23.85 <0.0001 
salinity 1 0.02 0.8912 
male pair*salinity 1 7.82 0.0052 
female species*salinity 1 0.2895 0.2895 
male pair*female species*salinity 1 1.41 0.2356 
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Table 3.3. Aggression between males in heterospecific trials. Male species refers to whether the 
male was L. goodei or L. parva. Female species refers to whether the male pair was tested with 
an L. goodei or L. parva female.  N = 132.   
 
 
Parameter DF χ2 P 
male species 1 4.2 0.0403 
female species 1 4.87 0.0273 
male species*female species 1 13.99 0.0002 
salinity 1 1.88 0.1707 
Male species*salinity 1 0.41 0.5209 
Female species*salinity 1 1.88 0.1705 
male species*female 
species*salinity 
1 5.18 0.0229 
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Table 3.4. Total courtship in conspecific trials.  Male pair refers to either the conspecific L. 
goodei or conspecific L. parva pair. Female refers to whether the male pair was tested with an L. 
goodei or L. parva female.  N = 69.  A refers to the results of the count model.  B refers to the 
binomial model prediction zero versus non-zero data.   
 
A.  Count Model (truncated negative binomial distribution with log link) 
Parameter DF Z P 
    
male pair 1 -0.513 0.608 
female species 1 -2.759 0.0058 
male pair*female species 1 3.252 0.0012 
salinity 1 -0.788 0.431 
male pair*salinity 1 0.076 0.938 
Female species*salinity 1 0.60 0.546 
    
B.  Zero hurdle Model (binomial distribution with logit link). 
 
Parameter DF Z P 
male pair 1 -2.083 0.037 
female species 1 -3.76 0.0002 
male pair*female species 1 4.284 <0.0001 
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Table 3.5.  Courtship in the heterospecific context. A refers to the results of the count model.  B 
refers to the binomial model prediction zero versus non-zero data.   N = 132. 
 
A.  Count Model (truncated negative binomial distribution with log link). 
Parameter DF Z P 
 
male species 1 -0.204 0.838 
female species 1 -1.064 0.287 
male species*female species 1 1.15 0.250 
salinity 1 1.133 0.257 
male species*salinity 1 -0.186 0.852 
female species*salinity 1 -0.07 0.946 
male species*female 
species*salinity 1 0.071 0.943 
    
B.  Zero hurdle Model (binomial distribution with logit link) 
 
Parameter DF Z P 
male species 1 -3.961 <0.0001 
female species 1 -5.093 <0.0001 
male species*female species 1 6.443 <0.0001 
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 Table 3.6. Absolute and relative contributions of different reproductive isolating barriers 
 
Barrier Strength 
Absolute 
contribution 
Geographic 0.91 0.911 
Behavioral 0.91 0.081 
Intrinsic 0.66 0.005 
   
 Total RI 0.997 
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Table 3.7. Analyses of conspecific aggression for L. parva and L. goodei separately. N=33 for L. 
parva. N=36 for L. goodei. The models were run assuming a negative binomial distribution and a 
log link function.  
 
 
  L. parva L. goodei 
Parameter DF Χ2 P Χ2 P 
female species  1 2.88 0.0899 22.09 <0.0001 
Salinity 1 3.9 0.0484 3.97 0.0462 
female species* salinity 1 0.01 0.9246 2.24 0.1347 
 
 
Table 3.8. Comparison of overall aggression between conspecific and heterospecific trials.  N = 
135. 
 
 
Parameter DF Χ2 P 
male pair 1 14.37 0.0008 
female species 1 0.55 0.4576 
male pair * female species 1 30.75 <0.0001 
Salinity 1 0.31 0.5747 
male pair*salinity 1 5.74 0.0566 
Female species*salinity 1 1.78 0.1819 
male pair*female species*salinity 1 1.02 0.6002 
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Table 3.9. Contribution of different intrinsic barriers to overall intrinsic isolation 
 
Barrier Absolute contribution Overall contribution 
F1 larval survival 0.06 0.06 
F1 survival to adulthood -0.07 -0.07 
F1 mating success 0.38 0.38 
F1 offspring survival 0.45 0.28 
   
 Total intrinsic isolation: 0.66 
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Table 3.10. A sampling of recently published IPSI  values in the literature.  These values result 
from a survey of all papers citing (Rolan-Alvarez and Caballero 2000).  All papers were that 
included clear estimates of IPSI were used.  If more than one study on a single species was 
available we used the earliest study.  A single study species means that behavioral isolation was 
estimated between populations or ecotypes.  A * indicates that multiple IPSI  values in the paper 
were averaged.   
Study species Type of organism Mating assay IPSI Citation 
Littorina saxatilis snail multiple mate choice in nature 0.77* 
(Cruz, 
Carballo et al. 
2004) 
Loxia curvirostra bird multiple mate choice in nature 0.98* 
(Smith and 
Benkman 
2007) 
Chrysochus 
auratus / C. 
Cobaltinus 
insect 
multiple mate 
choice in nature/ 
no-choice in lab 
0.41* 
(Peterson, 
Honchak et al. 
2005) 
Calopteryx 
splendens / C. virgo insect 
multiple mate 
choice in nature 0.93 
(Svensson, 
Karlsson et al. 
2007) 
Henosepilachna 
vigintioctomaculata 
/ H. pustulosa 
insect male mate choice in lab 0.65 
(Matsubayashi 
and Katakura 
2009) 
Amphilophus 
xiloaensis fish 
multiple mate 
choice in nature 0.39 
(Elmer, 
Lehtonen et al. 
2009) 
Amphilophus 
sagittae fish 
multiple mate 
choice in nature 0.86 
(Elmer, 
Lehtonen et al. 
2009) 
Plestiodon 
skiltonianus reptile no-choice in lab 0.87 
(Richmond 
and Jockusch 
2007) 
Drosophila 
pseudoobscura /      
D. persimilis 
insect multiple mate choice in lab 0.77* 
(Noor and 
Ortiz-
Barrientos 
2006) 
Drosophila 
mojavensis insect 
no-choice in lab 
(with multiples 
of each type) 
0.88* (Etges and Tripodi 2008) 
Albinaria sp. snail multiple mate choice in lab 0.43* 
(Giokas, 
Mylonas et al. 
2006) 
 
Rhagoletis mendax 
/ R. zephyria 
 
insect multiple mate choice in lab 0.68 
(Schwarz and 
McPheron 
2007) 
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Table 3.10 cont. 
 
 
 
 
Drosophila 
arizonae / D. 
mojavensis 
insect multiple mate choice in lab 0.83* 
(Jennings and 
Etges 2010) 
Henosepilachna 
diekei insect no-choice in lab -0.03 
(Matsubayashi, 
Kahono et al. 
2011) 
 
Timema cristinae insect no-choice in lab 0.25* (Nosil, Crespi et al. 2002) 
Drosophila 
montana insect 
female choice in 
lab/multiple 
mate choice in 
lab 
0.22* 
(Jennings, 
Mazzi et al. 
2011) 
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Figure 3.1. Indices of female species recognition from the no-choice experiment. A. Average 
daily egg production. B. Latency to mate in days. N=8 for all treatment combinations.  Error bars 
± SE. 
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Figure 3.2. Aggression in conspecific and heterospecific trials. A. Total aggression in conspecific 
trials. Sample sizes are as follows (LG = L. goodei, LP= L. parva): LG ♂ pair - LG -♀ 0 ppt = 9 , 
LG ♂ pair - LG ♀ - 15 ppt = 10, LG ♂ pair - LP -♀ 0 ppt = 8, LG ♂ pair- LP ♀ - 15 ppt = 9, LP 
♂ pair - LG ♀ - 0 ppt = 7, LP ♂ pair - LG ♀ - 15 ppt = 9, LP ♂ pair- LP -♀ 0 ppt = 8, LP ♂ pair- 
LP ♀ - 15 ppt = 9. B. Aggression per male in heterospecific trials. Sample sizes are as follows: 
LG ♂ - LG -♀ 0 ppt = 16 , LG ♂ - LG ♀ - 15 ppt = 17, LG ♂ - LP ♀ - 0 ppt = 16, LG ♂ - LP ♀ 
- 15 ppt = 17, LP ♂ - LG -♀ 0 ppt = 16, LP ♂ - LG ♀ - 15 ppt = 17, LP ♂ - LP -♀ 0 ppt = 16, LP 
♂ - LP ♀ - 15 ppt = 17. Error bars ± SE. 
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Figure 3.3. Raw differences in aggression in heterospecific trials (# L. goodei aggressive 
behaviors - # L. parva aggressive behaviors) as a function of salinity and female species. Each 
dot is a single trial. 
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Figure 3.4. Total counts of male-male aggression across conspecific and heterospecific trials. 
Error bars ± SE. 
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Figure 3.5. Courtship in conspecific and heterospecific trials. A. Courtship totals in conspecific 
trials. Sample sizes are the same as in 2A. B. Courtship per male in heterospecific trials. Sample 
sizes are the same as in 2B.  Error bars ± SE. 
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Table 4.1. Population  information 
 
Population Drainage Context Species 
Present 
Distance to 
other Lucania 
Site Type 
Indian River Atlantic Ocean Allopatric L. parva 
 
13 km Coastal 
Lower Bridge Wakulla River Sympatric L. goodei and 
L. parva 
 
0 km Spring fed 
stream 
Salt Springs St. John's 
River 
Sympatric L. goodei and 
L. parva 
 
0 km Lake 
St. George 
Sound 
 
Gulf of Mexico Allopatric L. parva 
 
52 km Coastal 
Upper Bridge Wakulla River Allopatric L. goodei 5.5 km Spring fed 
stream 
Blue Springs Santa Fe River Allopatric L. goodei 120 km Spring fed 
stream 
 
 
Table 4.2. Results from generalized linear model for proportion of courtship directed towards the 
conspecifics.   
 
Source DF Chi-Square      P 
Species 1 1.32 0.2501 
Context 1 5.45 0.0195 
Population(species*context) 4 15.92 0.0031 
Species*context 1 0.63 0.4288 
Error 39   
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Figure 4.1. Proportion of male courtship behaviors directed towards the conspecific female in 
each set of allopatric and sympatric populations (Lower Bridge: L. parva N = 5, L. goodei N = 8; 
Salt Springs: L. parva N = 8, L. goodei N = 7; Upper Bridge/Indian River: L. parva N = 5, L. 
goodei N = 5; Gulf Coast/Blue Springs: L. parva N = 4 males, L. goodei N = 5).  Means (+ SE) 
shown for both. The horizontal dashed line at 0.5 indicates no preference. 
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Figure 4.2. Male conspecific preference vs. distance (km) to nearest heterospecific population. 
Means (+ SE) shown:  Filled symbols indicate L. parva populations, open symbols L. goodei, 
triangles sympatric populations, circles allopatric populations. Asterisks are back-transformed 
logit least squares means from generalized liner model (x= ey/(1+ey)).  Sympatric populations are 
shown to the left of the vertical dotted line (distance = 0 km) and are jittered.  Populations in 
order from left to right the populations are: Lower Bridge, Salt Springs, Upper Bridge, Indian 
River, Gulf Coast, and Blue Springs. The horizontal dashed line at 0.5 indicates no preference. 
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Table 5.1.  Summary of integrated linkage maps for L. parva and L. goodei.   
 L. parva L. goodei 
# of chromosomes 23 24 
# of linkage groups 23 24 (23 mapped) 
Map size (cM) 600 448 
Average linkage group size (cM) 26.1 19.5 
Markers per cM 1.49 2.73 
Total # of markers 840 1215 
# individuals 226 255 
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Figure 5.1. Procedures used to generate SNPs from orthologous ESTs.  
 
  
 
Figure 5.2.  Schematic of the approach used to find SNPs in orthologous ESTs. “C/T” means that 
the C nucleotide is fixed in one population and the T nucleotide is fixed in another for L. parva 
(and likewise for “A/G” for L. goodei). Only a portion of the sequence is shown. The candidate 
SNP in L. goodei can be used to resolve the L. goodei linkage map (and likewise for the L. parva 
SNP). Because these two locations are most likely separated by a short sequence distance, by 
comparing the locations of these SNPs on each species’ linkage map, we can compare the two 
maps. At a later time (using another set of ongoing crosses), species specific SNPs can be used to 
examine the statistical association between a given marker and reproductive isolation and salinity 
tolerance.  
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Figure 5.3. Example somatic karyotype of (a) L. parva and (b) L. goodei 
 142 
Figure 5.4A-F. L. goodei linkage map.  Numbers on the right indicate the contig identifier.  
Numbers on the left indicate location in cM along the chromosome.  LG- linkage group. 
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Figure 5.4 cont. 
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Figure 5.4 cont. 
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Figure 5.4 cont. 
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Figure 5.4 cont. 
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Figure 5.4 cont. 
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Figure 5.5A-F. L. parva linkage map.  Numbers on the right indicate contig identifier.  Numbers 
on the left indicate position in cM along the chromosome.  LG-linkage group. 
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Figure 5.5 cont. 
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Figure 5.5 cont. 
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Figure 5.5 cont. 
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Figure 5.5 cont. 
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Figure 5.5 cont. 
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Figure 5.6. A Robertsonian fusion as evidenced by synteny mapping.  Contigs in red and blue are 
present in both species.  Dots and lines indicate orthologous regions of the chromosomes.  The 
dots correspond to contig location along each chromosome.  G – L. goodei linkage group.  P- L. 
parva linkage group. 
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Figure 5.7. Number of putatively orthologous SNPs located on L. parva  and L. goodei linkage 
groups.  Numbers in bold are SNPs that map to syntenic linkage groups.  Note that L. parva 
linkage group 1 represents the fusion of L. goodei linkage groups 13 and 14.  Numbers in plain 
type represent SNPs derived from a common EST sequence that map to non-syntenic linkage 
groups.  
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Figure 5.8. A putative inversion between LG7 in L. parva and LG16 in L. goodei.  Dots and lines 
indicate orthologous regions of the chromosomes.  The dots correspond to contig location along 
each chromosome.   
 
 157 
Figure 5.9A-J. Synteny between remaining linkage groups.  Dots and lines indicate orthologous 
regions of the chromosomes.  The dots correspond to contig location along each chromosome.  
G- L. goodei linkage group, P - L. parva linkage group. 
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Figure 5.9 cont. 
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Figure 5.9 cont. 
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Table 6.1. Single and additive QTLs localized in this analysis.  Although male and female egg 
production and latency to mate are listed as preferences they represent both preferences and 
attractiveness.  “Pref” is used for brevity. 
 
Trait Chromosome
Position 
(in cM)
% variation 
explained
fitness 3 5.5 24.48
pref parva  - eggs 6 11.4 13.47
pref parva  - eggs 11 18.4 15.46
pref parva  - eggs 19 10.6 1.84
pref parva  - eggs 2 33.4 1.8
pref goodei  -eggs 1 27 9.62
pref goodei  -eggs 18 12.2 10.75
pref parva  - latency 7 1 15.62
pref parva  - latency 7 9 15.45
pref goodei  -latency 1 21.5 8.46
pref goodei  -latency 16 1.5 21.56  
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Table 6.2. Variation explained for each trait by full models including or excluding epistatic loci. Each epistatic interaction is a pair of 
loci.  Although male and female egg production and latency to mate are listed as preferences they represent both preferences and 
attractiveness.  “Pref” is used for brevity. 
 
Trait
Percent variation 
explained by 
Individual QTLs (no 
epistasis)
Percent variation 
explained by individual 
QTLs and epistatic 
interactions
# of 
individual 
QTLs
# of 
additive 
QTLs
# epistatic 
interactions
fitness 24.48% 76.39% 1 0 3
pref parva  - eggs 22.21% 35.24% 2 2 2
pref goodei  -eggs 33.92% N/A 2 0 0
    pref goodei  -latency N/A 28.74% 0 0 2
   pref parva  - latency 18.47% N/A 0 2 0
    pref goodei  -latency 26.18% 99.92% 2 0 1  
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Figure 6.1. Surivival of backcrossed offspring in fresh and salt water.  Shown are means 
± standard errors. 
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Figure 6.2. Histogram of survival to hatching for offspring of backcrossed males. 
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Figure 6.3. Latency to mate of backcrossed males paired with Lucania goodei or L. parva 
females.  Shown are means ± standard errors. 
 
Figure 6.4. Average daily egg production of backcrossed males paired with Lucania 
goodei or L. parva females.  Shown are means ± standard errors. 
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Figure 6.5. Histogram of latency to mate of backcrossed females. 
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Figure 6.6. Histogram of average daily egg production of backcrossed females. 
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Figure 6.7A-L. QTLs localized in the L. parva genome.  LG – linkage group.  QTLs for 
each trait are color-coded.  ** indicates that it is an epistatic locus and the partner is 
listed.  ^^ indicates additive loci.  All loci are visualized with bar that extends 2 cM in 
either direction.  Although male and female egg production and latency to mate are listed 
as preferences they represent both preferences and attractiveness.  Preference is used for 
brevity. All loci are color coded by trait.  Male fitness – black, male 
preference/attractiveness to L. parva as evidenced by egg production – red, male 
preference/attractiveness to L. goodei as evidenced by egg production – green, male 
preference/attractiveness to L. goodei as evidenced by latency to mate – blue, female 
preference/attractiveness to L. parva as evidenced by latency to mate –purple, female 
preference/attractiveness to L. goodei as evidenced by latency to mate – pink, salinity 
tolerance – mauve.  The line on LG1 indicates the position of the centromere.   
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Figure 6.7 cont. 
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